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1. INTRODUCTION AND STATEMENT QF WORK !

During the decade preceding the initiation of this program on 1 January
1977 extensive evidence had accumulated indicating a relationship existed ‘

between soot formation and flame ionization. The objective of this program 1

was to explore that relationship, especially as it relates to the nucleation %
step in soot formation. The working hypothesis was that soot precursors are .
hydrocarbon ions which grow via very rapid ion-molecule reactions to become
incipient soot particles.

The work was further motivated by the anticipated future use by the
Air Force of synfuels derived from coal, tar sands, and shale oil. These 4
fuels are expected to have higher molecular weights, more aromatic and poly-

cyclic aromatic compounds, and thus greater C/H ratios than current petroleum

derived fuels. These fuel characteristics all increase the socot forming

tendencies in combustion systems. Soot formation in aircraft jet engines
degrades component lifetime and creates tactically undesirable visible smoke.
Thus, the program was specifically directed to both long term understanding
of the mechanism of soot formation and immediate empirical relationships

which would be useful to the Air Force in evaluating the use of synfuels in

- —— 1

jet aircraft.
The statement of work from the contract reads:
1. Determine the effect of fuel type (representative of coal and
petroleum derived fuels) on carbon and ion formation processes in
both premixed and diffusion flames. An/ion mass spectrometer will be

used for ion profile identification; and other techniques, using e.g.,
electrostatic probes, microwave cavities, gas sampling probes,

thermocouple probes, and emission and absorption spectrometers will
used as required during the progress of the work. Included will
be mass spectrometric identification of the ions present in the
soot nucleation and particle growth zones of flames of a number
of fuels, at equivalence ratios near and in excess of those
necessary for smoke formation.

2. Determine the effect of pressure on carbon and ion production pro-
cesses in the combustion of some representative fuels.

3. Determine the effect of chemical additives on carbon and ion produc-

tion processes in the combustion of some representative fuels. In-

cluded will be determination of the effects of alkali and alkaline




earth additives on soot formatf{on paramcters and a study of their
influence on flame ion chemistry. _
4. Study of the sooting characteristics of flames of mixed hydrocarbons i
for the purpose of ascertaining synergistic effects and developing a
means for predicting the smoke tendency of real fuel systems.
5. Interpret, as the work progresses, the results from the above experi-
ments, and data already in the literature, in terms of an ionic
mechanism of carbon formation in flames. : t
6. Interpret the above data and mechanisms in terms of the potential
effects of new fuels on soot formation in air breathing engines, and {
possible means of minimizing soot formation in air breathing engines.
7. Perform the following tasks to demonstrate the applicability of
laboratory studies of the effects of fuel molecular structure on soot

emissions to practical airbreathing iet engines:

a. Survey and critically analyze the available experimental measure-
ments on soot emissions and flame radiation from rurbojet engines
and larger scale combustors simulating practical engine conditioms.

b. Interpret and correlate the above results with small scale labora-
tory measurements of sooting properties of various fuel components
with the objective of defining which laboratory testing procedures
best relate fuel composition to engine performance.

c. Recommend specific laboratory scale and/or engine scale tests

needed to support tentative conclusions derived from analysis of

currently available data.
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t 11, STATUS OF RESEARCH EFFORT f{'

The results of this program have been submitted for publication or pre- |

sented in a detailed report so they will only be summarized here; the publica-

tions and relevant report are incorporated as appendices.

Soot formation in flames has been studied extensively and a voluminous
literature exists. At times the literature is confusing because of the fail-
ure to recognize the complexity of the problem--or to overestimate it--and
more specifically because of failure to recognize that a number of reasonably
distinct steps are involved in proceeding the six or seven decades in molecu-
lar weight from molecular species to relatively large soot particles. A clear
definition of these steps has not been found, yet the most experienced workers
seem to accept the following:

1. Formation of Precursors - the generation of those free radicals or

ions which are necessary for the initial stages of production of
nuclei. Precursors grow by combining with more generally available
flame species, often acetylenes, which are called building blocks.

2. Nucleation - the transformation from a molecular system to a particu-
late system, e.g., incipient soot particle, where the growing species
take on the properties of particles as opposed to large molecules.

In soot formation this probably occurs over a range of diameters

whereas in usual nucleation phenomena this can be an abrupt crossing
of two controlling rates.

3. Growth - the growth of incipient soot particles by molecular additionm.
4, Coagulation ~ the collision and coalescence of two particles, of the
gsame or different size, into one individual particle in which the

identities of the two particles are completely lost.

5. Agglomeration ~ a process where a series of particles collide, one
at a time, and adhere to each other to form a chain of individual
particles, which are still distinguishable.

6. Aggregation - a process where a series of particles collide, one at
a time, to form a cluster of individual particles which are still
distinguishable.

5 7. Oxidation - oxidative reaction of the particles in any of the above-

mentioned forms to reduce the particle size.
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At the present stages of our work we believe step 1 involves chemi-
ionization to produce C,H,+; step 2--on which we concentrated in this program--
involves rapid ion-molecule reactions to produce very large ions and incipient
soot particles which are then electrically neutralized by recombination with
free electrons or negative ions. These species grow further and are subse-
quently thermally ionized to produce charged soot particles. Step 3 may occur
on neutral or charged particles. The probable molecules controlling the growth
are acétylenes or aromatic radicals or molecules. Next to nucleation this
step 1s probably the least understood. Steps 4, 5, and 6 are all influenced
by the electronic charge on the individual soot particles; in fact, charged
particles must agglomerate and neutral particles must aggregate. The oxidation
step (step 7) competes with the growth steps (i.e., steps 2-6) in determining
the ultimate particle size or the existence or nvnexistence of particles. The
present indication is that the oxidation step is dominated by OH reactions
with the growing particle.

The extensive literature on soot formation in flames required some of our
initial efforts to be directed to critically interpreting the available infor-~
mation on the nucleation step. This resulted in the paper which is incorpo-

rated as Appendix A. Data in the literature were organized to give a detailed

description of the chemical sequences leading to soot formation in premixed
laminar flames. It was concluded that neutral free radical, polyacetylene,

and polycyclic aromatic hydrocarbon mechanisms are not consistent with this

description, e.g., the rates are too small to account for the observed rate of

soot formation. However, if chemi-ions are assumed to be the precursor onto

IR A

which free radicals, polyacetylenes, or polycyclic aromatic hydrocarbons add
in a geries of fast ion-molecule reactions, a mechanism could be developed
which was consistent with experiments. Recommendations for testing these

mechanisms were made and have served to guide this program.

The experimental effort performed under the contract was principally
directed to obtaining flame ion profiles (concentration vs distance) through
near sooting and sooting flames by use of a mass spectrometer. This Qork
resulted in two publications which are incorporated as Appendices B and C. A
major change in ion identity occurs in both acetylene and benzene flames as the ;
equivalence ratio is increased through the critical equivalence ratio for soot
formation. The major ion, C,H,+, is replaced by large positively charged aro-
matic ions with mass greater than 300 and increasing C/H ratio. The profiles of
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these heavy ions through flames correspond with a group of unidentified spe-
cies previously associated by Homann and Wagner* with precursors of soot forma-
tion. A mechanism to rationalize the identity of these observed ions can be
created very simply by a series of ion-molecule reactions which continually
build larger ions. We extrapolate thig reaction sequence to form incipient
soot particles. Future work will be directed at following the reaction series
thfough to larger ion species. A computer program using realistic rate con-
stants was used to demonstrate that reaction rates at the observed ion concen-
trations are sufficiently fast to account for our conclusions. The actual indi-
vidual ion concentrations can be measured more accurately by correlating electro-
static probe measurements of absolute ion concentrations with mass spectrometric
profiles. Dual concentration maxima are observed for many of the individual ions
near the critical equivalence ratio for soot formation. The reasons fcr this
phenomenon are not understood.

Our experimental observations and our interpretation of the data are
consistent with an ionic mechanism of soot formation although we have not
demonstrated that this is the only logical explanation. Several observations

remain unexplained such as changes in ion identity and concentration at the

critical equivalence ratio for soot formation.

Since a primary motivation for this program was the prospect of the Air

Force using synfuels, some consideration was given to how changes in molecular
structure might affect the propensity of a fuel to soot. It became clear that {
the available literature data on the subject were poorly organized and that

unwarranted generalizations had been repeated over and over until they had

' become dogma. We thus set about reorganizing the available data and making
some measurements ourselves. This led to the definitions of the ''threshold
soot index," TSI, for both premixed and diffusion flames as a measure of the
tendency of a fuel to soot. For premixed flames TSI is related to the criti-
cal equivalence ratio (i.e., composition) at which.soot first occurs, For
diffusion flames TSI was defined using the well established smoke point
measurement of the maximum smoke free height of a laboratory diffusion flame.
A similar analysis should now be done to organize the available information

3 on the quantity of soot produced as a function of molecular structure--a

? completely different problem. The definition of TSI, varying from O to 100

* See Appendices A-C for details
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for the least to the greatest tendency to soot, permitted the oganization of
all the available measurements into two self-consistent groups. All the pre-
mixed flame data regardless of source or technique were consistent and all of
the diffusion flame data were consistent. In fact, there seems to be a
greater correlation between premixed and diffusion flame behavior than pre-
viously recognized. The paper summarizing this work is incorporated as
Appendix D.

The main objective, of course, in this program was to contribute to a
solution to the Air Force's problems associated with soot formaiion in turbo-
Jet engines. The success of the above work on TSI encouraged us to look for
correlations between soot formation in turbojet engines and in laboratory
flames. This effort is important for two reasons: to confirm that laboratory
studies are relevant to what occurs in a turbojet engine and, if successful
empirical correlations can be found, to greatly reduce expensive full-scale
turbojet engine tests. This work was supported by the AF Environics Division,
Engineering and Service Laboratory, Tyndall AFB. The special report resulting
from this work is incorporated as Appendix E. Data from aviation gas turbine
combustors were examined to determine the effects of fuel properties on soot
related measurements such as engine smoke number, combustor flame radiation,
and/or combustor liner temperature. It was clearly demonstrated that soot
production depends strongly on fuel composition. Correlation of some sets of
combustor data with laboratory measurements was very good; in other cases the
correlations were rather poor. A major problem in making such correlations

was the inadequate identity of the composition of the aviation fuel used.

This was a preliminary study and more work is definitely warranted.

b, -

T e
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I'1T. PUBLICATIONS 4

The major publications resulting from this work arce listed below in
chronological ‘rder of submission and are incorporated as Appendices A-E as

indicated:

A. Calcote, H.F., "Mechanismsof Soot Nucleation in Flames - A Critical
Review,'" March 1980. AeroChem TP-400a. 4

Accepted for publication in Combustion and Flame--it should appear soon. i
)

B. Olson, D.B. and Calcote, H.F., "Ions in Fuel~Rich and Sooting Acetylene
and Benzene Flames," May 1980, AeroChem TP-397a. n
Accepted for publication in the Eighteenth Symposium (International) on |

Combustion (The Combustion Institute, Pittsburgh, in press).

C. Olson, D.B, and Calcote, H.F., "Ionic Mcchanisms of Soot Nucleation in
Premixed Flames,' November 1980. AeroChem TP-405a.

Accepted for publication in Particulate Carbon: Formation During Combus-

tion, Proceedings of the General Motors Symposium, Warren, MI, October

1980 (Plenum Press, New York, in press). 3
D. Calcote, H.F. and Manos, D.M., "Effect of Molecular Structure on Incipient
Soot Formation,' January 1981. AeroChem TP-406.
Submitted to Combustion and Flame.
E. Gould, R.K., Olson, D.B., and Calcote, H.F., "Correlation of Soot Torma-
tion in Turbojet Engines and in Laboratory Flames,' February 1981.

AeroChem TP-407, ESL-TR-81-09. ]

This has been accepted for distribution by the AF Environics Division,

Engineering and Service Laboratory, Tyndall AFB. It should be available

in final form.

*
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S 8

V., E NTERACTIONS

Technical interactions with the scientific community have been more fre-
quent than usual for a fundamental scientific program because of the great
interest in soot stimulated by the prospect of synfuels. This interaction has
taken several forms: formal presentations (mostly invited) and individual

contacts or participation in workshops.

A.  EORMAL PRESENTATIONS®

1. "Fundamental Mechanisms of Carbon Formation in Hydrocarbon and
Synthetic Fuel Combustion,"” H.F. Calcote, 1977 AFOSR Meeting on Air-
Breathing Combustion Dynamics, West Lafayette, IN, 12-16 September
1977.

2. "Tonic Mechanism of Carbon Formation in Flames,'" W.J. Miller and
H.F. Calcote, Fall Technical Meeting, Eastern Section: The Combus-
tion Institute, United Technologies Research Center, East Hartford, ;
CT, 10-11 November 1977. . f

3. "Tonic Mechanisms of Carbon Formation in Flames," H.F. Calcote,
School of Engineering and Applied Science, Princeton University,
Princeton, NJ, 6 December 1977.

* The name of the author who presented the lecture is underlined where there
was more than one author.
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10.

11.

12.

13'

"Ionic Mechanism of Carbon Formation in Flames," H.F. Calcote,
National Bureau of Standards, Washington, DC, 13 December 1977.
"Tonic Mechanisms of Carbon Formation in Flames,'" H.F. Calcote,
AFOSR Contractors Meeting on Air-Breathing Combustion Dynamics,
Dayton, OH, 10-13 October 1978.

"Ionic Mechanisms of Soot Formation in Flames, An Invited Review,’
H.F. Calcote, Fall Technical Meeting, Eastern Section: The Combus-
tion Institute, Miami, FL, 29 November-1 December 1978.

"An Ionic Mechanism of Soot Formation in Flames," H.F. Calcote,
Army Ballistic Research Laboratories, Aberdeen, MD, 10 January 1979.
“"Mechanisms of Soot Formation in Flames - An Invited Review,"

H.F. Calcote, AIAA 17th Aerospace Sciences Meeting, New Orleans, LA,
15-17 January 1979.

"Ionic Mechanisms of Carbon Formation in Flames," H.F. Calcote and
D.B. Olson, AFOSR Contractors Meeting on Air-Breathing Combustion
Dynamics and Kinetics, Alexandria, VA, 28 January-1 February 1980.
"Soot Formation in Combustion Systems," H.F. Calcote, Tyndall AF
Base, FL, 27 March 1980.

"Ions in Fuel-Rich and Scoting Acetylene and Benzene Flames,"

D.B. Olson and H.F. Calcote, Eighteenth Symposium (International)

on Combustion, Waterloo, Canada, 17-22 August 1980.

"Jonic Mechanism of Soot Nucleation in Premixed Flames,' D.B. Olson
and H.F. Calcote, Invited Paper, General Motors Symposium '"Particu-
late Carbon: Formation During Combustion," Warren, MI, 15-16 October
1980.

"The Effect of Molecular Structure on the Tendency to Soot,"

H.F. Calcote and D.M, Manos, Fall Technical Meeting, Eastern Section:

The Combustion Institute, Princeton, NJ, 12-14 November 1980.

B.  WORKSHOP AND INDIVIDUAL CONTACTS (EXAMPLES)

Project SQUID Workshop on Alternate Hydrocarbon Fuels for Engines,
Columbia, MD, 7-9 September 1977; H.F. Calcote was a panel member.
Project SQUID Workshop on Gas Turbine Combustion Design Problems,
Purdue University, West Lafayette, IN, 31 May-1 June 1978; Attended
by H.F. Calcote.
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10.

11.

12,

13.

14,

15.
l6.

Roguemore, W.M., AF Aeropropulsion Laboratory, Wright-Patterson

Air Force Base, OH, several personal conversations and phone calls.
Personnel at NASA (Lewis) whom H.F. Calcote visited on 20 June 1979.
Attendees at the Annual Conference on Fire Research sponsored by the
Center for Fire Research, National Bureau of Standards, August 22-25
1979; Attended by D.B. Olson.

Gann, R.G. and attendees at an invited discussion on Soot Formation
Chemistry, National Bureau of Standards, 18-19 December 1979;
Attended by H.F. Calcote.

Farmer, R.C., Louisiana State University, Baton Rouge, LA, several
conversations and phone calls.

Glassman, I., and attendees at the Princeton University Weekly
Seminars in Fluid Mechanics and Combustion.

D'Alessio, A., at the Universita P. le V. Tecchio, Napoli, Italy,
correspondence and discussions at meetings.

Michaud, P. and Barassin, A. of the Centre de Recherches sur la
Chemie de la Combustion et des Hautes Temperatures at Universite
d'Orleans, Orleans, France. Several personal conversations, exchange
of pre-published papers.

Homann, K., Institute fur Physikalische Chemie der Technischen
Hochschule, Darmstadt, Germany, conversations at meetings, exchange
of letters, and he visited AeroChem in August 1980.

Naval Air Propulsion Center in Trenton, NJ, especially Donald Brunda;
we have visited their facility on several ocassions and Brunda
visited AeroChem in September 1980.

Kern, R.D., University of New Orleans, conversations at several
meetings.

Howard, J. and Bittmer, J., MIT. Frequent personal discussions and
phone calls.

Blazowski, W., Exxon. Frequent personal discussions and phone calls.

Tyndall AF Base, especially Capt. Clewell--see above.

VI. INVENTIONS AND PATENT DISCLOSURES

There are no inventions or patent disclosures to report.
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Mechanisms of Soot Nucleation in Flames*

- A Critical Review -

PR

H.F. CALCOTE

AeroChem Research Laboratories, Inc.
P.0. Box 12, Princeton, New Jersey 08540 .

ABSTRACT

=

Data in the literature have been organized to give a detailed
description of the chemical sequences leading to soot formation in
a premixed laminar flame. Neutral free radical, polyacetylene, and .
polycyclic aromatic hydrocarbon mechanisms are not consistent with
this description. However, when chemi~ions are assumed to be the

" precursor on which the free radicals, polyacetylenes, and polycyclic

aromatic hydrocarbons repeatedly add in fast ion-molecule reactions,
a mechanism can be developed which is consistent with experiment.
This mechanism should be tested further by careful observations of
both ion and neutral species (including free radical) profiles in
flames and by developing a computer model of the process to compare

with experiment.

The preparation of this paper was partially sponsored by the Air Force

Office of Scientific Research (AFSC), United States Air Force under .
Contract F49620-77-C-0029 and by Project SQUID which is supported by

the Office of Naval Research, Department of the Navy, under Contract
N00Q14-75-C-1143, NR-098-038. This document has been approved for

public release and sale; its distribution is unlimited. The United

States Government is authorized to reproduce and distribute reprints

for government purposes notwithstanding any copyright notation hereon.

+Prepared for submission to Combust. Flame. !




INTRODUCTION

There has been much excellent work on the mechanism of soot formation in
combustion systems and the field has been periodically reviewed [1-9] in vari-
ous degrees of depth. Yet an understanding of the process has eluded us,
mainly because it is so complex. The objective of this paper is to interpret
some of the available data in terms of the various mechanisms that have been
suggested and to point out the problems associated with specific mechanisms.
To reduce the effort to a manageable magnitude the main concern will be with
premixed homogeneous flames. Certainly some of the results will be applicable
to diffusion flames or flames in heterogeneous systems such as spray burning
or surface fires, but the chemistry in these systems is often masked by diffu-
sive processes. It is therefore logical to start with what is hopefully the
more simple chemical system and then evaluate the usefulness of the results

in more complex systems.

Soot collected from flames consists of chainlike aggregates of spherical
units having diameters of 10 to 50 nm. These spherical units have a hexagonal
structure similar to graphite and have a carbon-to-hydrogen, C/H, atomic ratio
of about 8:1 to 12:1. Observations of the end product, however, tell very
little about the details of the process of soot formation--many individ-
ual steps are involved in progressing from a fuel molecule to a soot parti-
cle. Incidently, the word "soot" is preferred for the end product although it
is often referred to as "carbon." Calling the end product carbon can be mis-
leading because, in addition to the hydrogen content mentioned above, soot can

also contain other elements, especially oxygen.

Three rather distinct steps are generally recognized in soot formation:
1. Nucleation - the transformation from a molecular system to a partic-

ulate system, or the formation of embryonic species which grow faster

than they decompose or otherwise disappear by reaction.
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2, Growth to spherical particles of 10 to 50 nm (100 to 500 R) diam.
3. Aggregation or agglomeration of the spherical units to form chains.

The nucleation step is the least understood, so the discussion will be confined

to that step.

The overall process from primary molecular species (including free radi-

cals and/or ions) to soot aggregates is displayed in Fig. 1. The molecular
species are indicated as ions in the figure in anticipation of the conclusions i

to be reached in this study. The basic problem, clearly demonstrated by this

figure, is how does the process proceed from molecular size to particles with

diameters three orders of magnitude greater, or equivalent molecular weights
ten orders of magnitude greater than the starting material in times on the
order of milliseconds? For comparison a large molecule such as m-octylphenyl,
CueHas, has amolecular weight of 610 amu and ovalene, CszH;,, consisting of
ten six-membered rings has a molecular weight of 398 amu. Another problem is

how does the C/H ratio of the growing species increase from that typical of

molecular systems to that of soot?

The study of soot forming species has been approached experimentally from
both extremes; from the large particle side the electron microscope has been
used to look at smaller and smaller particles, down to about 15 nm diam [10]
and from the molecular species side, mass spectrometry (both neutral and ionic)
and gas chromatography have been used to look at large molecules and ions, up ‘;
to molecular weights of about 500 amu [11-17]. Some of the molecular species %

and ions which have been observed in flames are listed in Tables 1 and 2.

Some of these large molecules have also been shown to be associated with soot

i

particles by driving them off by heating the soot particles [16,19-24].
4 That soot formation in premixed flames is a nonequilibrium process has

been recognized for many years [1,25]. This is demonstrated by the data in

Table 3 which compares the thermodynamic, or equilibrium critical equivalence ]




ratio ¢cl at which soot is calculated to be produced with the experimental
value at which soot is observed in a one atmosphere premixed flame. The calcu-
lated adiabatic flame temperatures for thermodynamic equilibrium soot formation
are compared with the calculated adiabatic flame temperature for the observed
¢.- Soot is produced as the flame is made fuel rich, i.e., by increasing ¢,
which is accompanied by decreasing temperature; the lower dc and higher flame
temperatures observed experimentally indicate the nonequilibrium nature of the
process. The greater ratios of these quantities (larger nonequilibrium) for
benzene and n-hexane indicate greater tendencies to produce soot for these sub-
stances than for acetylene. Translating this observation into a conclusion
about the relative chemistry for these substances is difficult because of the
large differences in flame temperatures, especially between acetylene and the
other two substances; increasing the flame temperature generally decreases the
observed tendency to produce soot [26]. Both the rate of production of soot and

the rate of burning of soot increase with temperature--but the burning rate in-

creases more rapidly [26]. In fact it has been demonstrated that the mecha-
nism of soot formation in the pyrolysis of aromatic hydrocarbons is different
above and below 1800 K [27]. A useful experiment would be to determine the

critical equivalence ratio for soot formation for these fuels at the same

! Equivalence ratio, ¢, is defined as:

(Fuel/Oa)

- actual
¢ (Fuel/0;)

stoichiometric
where stoichiometric is arbitrarily defined as producing only CO, and H,0

as products.
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temperature. This could be done by increasing the unburned gas temperature
of the cooler flame (benzene) or lowering the temperature of the acetylene

flame gases. Pre-cooling the acetylene would be nece;sary because to raise
the temperature of the other two fuels to match the flame temperature of

acetylene requires temperatures at which they would pyrolyze.

SOME EXPERIMENTAL OBSERVATIONS

Historically, mechanisms proposed for the nucleation step in soot formation
have involved polymerization of acetylene in one manner or another, or in the
cagse of aromatics, the use of the aromatic molecule as a building block. Pro-
posed intermediates in these processes have included the radicals C, C,, CH,
CzH, CH;, CsH,, C,H» [28-31]; the polyacetylenes C.,H,, C¢H2, and C,oH, [16,28,

hydrocarbons (PCAH)
30,32,33]; polycyclic aromatic A {16,18,34,35); and conjugated species
such as 1,3-butadiene [36] or vinyl acetylene [35]. All of the proposed inter-
mediates have been observed in sooting flames.

Before examining specific mechanisms, some of the data upon which these
ideas have been based will be presented. For this presentation the data from
several workers have been replotted and in some cases reinterpreted to give as
precise as possible a picture of what occurs in the flame front of a sooting
flame. Fortunately--or by design-—-much of the work has been done on flat
flame burners with acetylene-oxygen flames at 2.7 kPa (20 Torr) at an equi-
valence ratio of about 3.5 (well into the soot producing concentration region
which begins at about ¢ = 2.4) and with an unburned linear flow velocity, of
50 cm s~ '. Where there are deviations from these conditions the results can-
not, unfortunately, be adjusted to these conditions because the structure of a
flat flame is more intimately related to interaction with the burnmer, e.g., by
heat transfer and free radical losses, than we would like to admit [37]. Thus

increasing the linear flow velocity may make the flame move closer to the bur-~

ner [11,37,38] rather than further away as would be expected and may increase
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the flame temperature [30]. Nevertheless, a good semiquantitative picture of
what occurs can be obtained by combining data from various sources on the same
graph even though the conditions deviate somewhat from ideal. This also demon-
strates the accuracy which might be attached to the various sets of data. The
basic experimental flame is described in Fig. 2.

The flame temperature through the basic flame along with emission profiles
of C,, CH, and OH which characterize the location of the luminous zone, often
referred to as the flame front, are displayed in Fig. 3. The theoretical
adiabatic flame temperature is 2490 K.

The increase in particle diameter through the flame for both neutral and
charged species is given in Fig. 4. The Prado and Howard (PH) data [5] are for
¢ = 3.0 and the particle diameters would be expected to be smaller than the

Bonne, Homann and Wagner (BHW) data [28]; the fact that they are larger is an

‘indication of the absolute accuracy of the results. It is significant that the

slopes of the neutral and charged particle diameters are different and that the
two diameters are about the same at small distances from the flame front. This

seems to indicate that once small neutral particles are formed they continue

to grow faster than the charged particles. This will be discussed in the section

on thermal ionization.

The growth of soot through a flame is also measured as an increase in soot
volume concentration (volume of soot per unit volume in the flame) or mass
concentration of soot; such data are presented in Fig. 5. The variation in
"large molecules” through the flame has also been measured and is summarized in
Fig. 5. The concentration of "large molecules" is determined by subtracting the
volume [11] or mass [28] concentration of soot determined by electron microscopy
from that observed by light absorption which is sensitive to both large and very
small particles. The lower limits of measurement by the electron microscope

were 1.5 nm and 4 nm (Refs. 11 and 28, respectively) so the large molecules are
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thus arbitrarily defined as "particles" with a diameter of less than a few nm.
For a point of reference a 2 nm diam particle with density 1.5 g cm™® would
have a molecular weight of 4000.

Certainly the most useful data, from the standpoint of developing a

mechanism

quantitative A are concentration profiles through a flame. Such data
are presented in Fig, 6. The main products are CO, H., H20, CO., and C:H:
[33] (profiles for H, and CO; were not given). Homann and Wagner [16] di-
vide the hydrocarbon species observed into three groups: (1) acetylenes and

polyacetylenes, mass range 26 to 146 amu; (2) polycyclic aromatic hydrocarbons,

mass range 78 to =300 amu, typified on the figure as C,,Hs (176 amu); and

(3) a group of "reactive polycyclic aromatic hydrocarbons,” probably with side '
chains, containing more hydrogen than (group 2) aromatics, mass range =150 to
550 amy (limit of mass range of mass spectrometer used). This last group is
identified on Fig. 6 as '"precursors” of soot particles following Homann and
Wagner [33]. The polyacetylenes reach steady-state values and are apparently
in equilibrium with acetylene and hydrogen so Bonne et al. [28] have used the

concentration data to calculate the heats of formation for C,H; and C¢Ha. The

i

polycyclic aromatics are formed later than the polyacetylenes but their con-
centrations continue to increase downstream of the flame.
Bittner and Howard [18] observed in a CpH./0,/3% Ar flame (¢ = 3.0) the
same slow increase in polycyclic aromatics, CioHs, Ciz2Hs, Ci4He, as well as
C;H.‘downstream from about 1.5 cm but they also observed these same substances -
to peak in the flame front at about 0.5 cm. The major species identified as
polycyclic aromatic hydrocarbons [28] are, naphthalene (128 amu), acenaphtha-
lene (152), phenanthrene (178), pyrene (202), and coronene (300), with pyrene
and acenaphthalene being the most important. Intermediate hydrocarbons with an

even number of carbon atoms were much more frequent than those with an odd

number, regardless of the fuel [28].




The total concentration of polycyclics is about 10°> molecule cm™>. Be-

cause these continue to rise after the rate of carbon particle formation has
gone to zero it is concluded [16] that they cannot be important intermediates
or nuclei for soot formation in acetylene flames; they could, of course, be
building blocks. A continuous formation of larger and larger polyacetylenes
cannot lead to soot formation because carbon particles are not giant linear
molecules [7]. The group of molecules fdentified as precursors in Fig. 6 has
not been identified; they all peak at 1.4 cm and differ in mass by 12 mass
units, i.e., one carbon atom, and the number of carbon atoms ranges from 15 to
> 40.

Other species of imﬁorténce to mechanisms of soot formation have been ob-
served in acetylene oxygen flames but at a different equivalence ratio from
the data of Fig. 6. This information for a flame-at the same linear unburned
flow velocity, 50 cm s~ ', and the same pressure, 2.7 kPa (20 Torr), as for Fig.
6 is presented in Fig. 7 for an equivalence ratio of 2.4, just at the visual
limit of soot formation. Some of these species are considered important inter-
mediates in mechanisms of soot formation.

In benzene flames [16,34] polycyclic aromatics are also formed at about
100 times the concentration in acetylene flames and their concentration profiles
differ from those in acetylene flames. They reach a maximum concentration within
the oxidation zone and decrease at the end of it where most of the soot is
formed. The relative concentrations are similar, however, to an acetylene flame.
Polyacetylenes rise in the oxidation zone and then decrease in concentration
after molecular oxygen is consumed, similar to acetylene flames [40]. In contrast
to acetylene flames, soot is already formed at the position in the flame where

molecular oxygen has not yet disappeared. The rate of soot formation is higher

and the nucleation process seems to be completed earlier.
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Returning now to Fig. 6, note the concentration profiles for soot parti-
cle number density, large positive ions, ions identified as 300 to 1000 amu,
and charged soot particles. Probably the most striking observation is that the
ion concentration is orders of magnitude less than the polyacetylene or free
radical concentrations. This originally led to the conclusion that ions were
unimportant because they were present in such low concentrations [41]. Further
examination of the data shows that the concentration of large positive ions
exceeds that of soot particles so that there are sufficient ions to serve as
nuclei for particle growth [11]. Another significant observation is that only
some of the soot particles are charged. The location of the peaks for the
various components making up Fig. 6 is also of interest. They move through the
flame front from smaller to larger polyacetylenes, to precursors, identical in
location with ions of mass 300-1000 amu, to charged soot particles, to neutral
soot particles. This order would be consistent with that sequence of reactions.
It is not meant to imply that this order indicates the order of participation of
these species in the mechanism--many things can distort the relative location of
concentration maxima with respect to the order in which reactions occur.

Another set of data which demonstrates how the diameters of small charged
soot particles and of larger neutral soot particles increase on moving through
the flame is displayed in Fig. 8. (see also Ref. 43). A bimodal size
distribution, representing, e.g., two distinguishable systems, one of large
molecular ions and one of ionized soot particles was not observed within an
estimated accuracy of the experiment of 10% [11]. However, in the comments to
the paper, Weinberg stated that in a similar system he observed two separate
peaks, due to small ions and larger particles. The authors confirmed that in
subsequent work they too observed two separate peaks but the work was not yet
completed. In a more recent study Homann [43] has identified two groups of
positively charged species, one group he identifies as the normal hydrocarbon

flame ions and the other with positively charged soot particles.
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NEUTRAL SPECIES MECHANISMS

Many mechanisms involving many different species have been proposed for L
soot formation. They have been given such names as: 1. the atomic carbon
theory; 2. the C; theory; 3. the C, theory; 4. the acetylene theory; 4

5. hydrocarbon polymerization theories; 6. the surface decomposition theory;

7. the Boudouard reaction theory; 8. the polyacetylene theory; 9. poly- i
aromatics, etc. These cannot all be discussed here. Instead see previous
reviews [1-3], especially the excellent one of Palmer and Cullis [1] which

discusses these various theories in some detail. Palmer and Cullis were led

e —— -

to comment, "It may be that the nuclei responsible for carbon formation will “
never be directly identified." The large number of theories which have been
propounded indicates the magnitude of the problem. Most discussions culminate

with complex diagrams showing a multitude of paths from the fuel via acety- I

lene(s) to soot. This again is an indication of frustration; one single path

which might, of course, vary from system to system would be more intellectually

i satisfying,

Because of the experimental results of Homann et al. (see, e.g., Fig. 6), ;

paths through polyacetylenes seem attractive and these have been pursued by i

Bonne et al. [28] as well as by many others [44]. It is not difficult to
y
i account for the formation of the large fraction of polyacetylenes observed,

e.g., Refs. 7 and 28 (see also subsequent discussion).

Cqu CGHZ CBHZ
A A A
* - H - H - H '
C.H + C,H, C.H, + CaH, 1_
CaHa > C4Hs ————> CsH3 (+ H) ——> CgHs (+ Hp) — > ;
+ H

\4
C;.H[.




As large molecules form, the average size of the radicals also continues to

increase and larger radicals react with each other and with higher poly-

acetylenes forming ever larger molecules. However, as pointed out by Homann

(7] and others {2,16,45], a continuation of this series cannot lead to
soot because soot 1s not a giant chain molecule but has a polycyclic carbon

structure more like ovalene, Cs H;. [46];

It has been recognized, e.g., by Cullis [44], Thomas [45], and Bonne et al.

[28], that rearrangement of a polyacetyleme to an aromatic graphite-like

structure would be a slow process. In a more recent study of the formation

of higher hydrocarbons in the reaction of 0 atoms with acetylene Homann et al.

[47] conclude that polyacetylenes are side products of a fast reaction

sequence such as:

H-C, I,
+O.H +O.H +C,H, 40 -C,H, ' -0
C,H,—~+»CH,——®CH—+C H,—(C,H — = CH,-———— = -
] /’
| .
L +CH, i +H e . +H
] ' » )
C,H, C,H, C, H,(~H) C,HurH )
+C,H, +O -C,H,
—— = C H,———C H—- e CH, - ——— >
| H | H /'/ T H !
+ + ~ + .
v \ » '

C,H, CH, CoH,(+H) CoH(+H,) CH,

Cullis [44] also concludes that polyacetylenes do not grow sufficiently rapidly

to account for the almost instantaneous formation of soot.

Tanzawa and Gardner {48] have approached the problem by studying the
shock-heated homogeneous thermal decomposition of C,H,/Ar mixtures in the

temperature range 1700 to 3400 K. They compared their results as well as
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those of others, with a computer model including the rates of 13 reactions,

which is compatible in principle with the polyacetylene radical mechanism of

soot formation developed by Bonne et al. [28].

!
Rate constant,
Reaction AHS, kJ cm® mol™! s7?
C.H, + M = C,H+H+M 519 4.2 x 10*® exp(-448 kJ/RT) (1) )
CoHa + CaHa = CuHs + H 192 1.0 x 10'® exp(-192 kJ/RT)  (2) '
CuHs + M = CiHy, +H+ M 250 1.0 x 10*® exp(-250 KI/RT)  (3) }
C.H, + H = C;H + H, 88 7.8 x T3>*2 exp(-2 kJ/RT) (%)
CsH, + CobH = C.H; + H -75 4.0 x 10*° (5) ’7
CLHa + M = CH+H+ M 519 3.5 x 10%7 exp(-335 kJ/RT)  (6) )
Celz + M = CH+H+M 519 5.0 x 10*® exp(-335 kJ/RT)  (7) :
CeH, + M = CeH+ H+ M 519 5.0 x 10*® exp(-335 kJ/RT)  (8) %
CzH, + CLH = CeHp + H -75 4.0 x 10*? (9 i
CuHz + C;H = CeH, + H 75 4.0 x 10*? (10)
C2Ha + CsH = CoH, + H -80 1.0 x 10*? (11) ?
CeHz + C2H = CeHp + H -80 1.0 x 10'? (12)
CusHz + CLH = CoHp + H -80 1.0 x 10*? (13)

Their modeling results suggest that unfavorable thermochemistry of large CnH
and CnH’ species always leads to such a rapid decrease in their concentrations
that the above mechanism implies soot nucleation times orders of magnitude

larger than observed.

Homann and Wagner [16] suggest the possibility of C.H or other radicals
attacking a polyacetylene molecule to give a branched chain polyacetylene

radical

12
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CQH + Cl,Hz '—>\C=C—CECH.
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c
H

It is then assumed that such branched chain radicals add further poly-
acetylenes or hydrocarbons without losing their radical character. '"Ring
closures are easily imaginable," [16] which would account for the reactive
polycyclic aromatic hydrocarbons identified as precursors in Fig. 6. It
is assumed that as the radical continues to grow by addition of acetylene
and polyacetylene it splits off molecular fragments which account for the
formation of byproduct polycyclic aromatics. How this mechanism avoids
the problem of slow growth and ring formation is not clear; the mechanism
has not been analyzed in detail.

On the basis of the effect of molecular structure on soot formation
Glassman [36] argues for the importance of strongly conjugated molecules
like 1,2-butadiene combining to form a ring with an ethyl side chain to
which butadiene type molecules keep adding. Unfortunately, concentration
profiles (Fig. 7) show butadiene to be falling very rapidly even before
soot particles are observed. Similarly, Bittner and Howard [35] suggest
that in aromatic systems the nucleation process may be initiated by the
reaction of vinyl acetylene with a phenyl radical to form naphthalene.

In another computer modeling study Jensen [31] concludes that for the

specific case he studied, the production of soot in the exhaust of a rocket

engine, the only mechanism consistent with experiment involves C,, C.H, and
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Cs as initial nuclei with C;H, as the growth species. This same type of analy-

sis should be performed for the well documented flame of Figs. 3 to 6. Unfor-
tunately, the concentrations of C; and C, have not been measured in this system.
They can be estimated, from 1 atm C,H./0; flames [49] as being on the order of

roughly 10'“ and 102 cm™®, respectively.

Mann [50] in a fast flow high temperature carbon-vapor system studied

& carbon vapor condensation to C, and C; and then C; + Cs + C5s with k = 6 + 2 x
107'° em® s™! which he interpreted as the initial step of coalescence reac-

tions leading to carbon particles. Mechanisms based on C, and C3 condensation

reactions were originally proposed by Smith [51] and Cabannes [52], respec-

tively, but have generally been rejected as a general mechanism [3], e.g.,
because C,; radiation is very strong in rich cyanogen-cxygen flames which do
not form soot. Jesséﬁ and Gaydon [49], from absorption spectroscopic studies

in an acetylene-oxygen rich flame, concluded that C, radicals may serve as

the nuclei for soot formation but that Cy is probably formed by evaporation

of incipient soot particles.

In a study of the pyrolysis of aromatic hydrocarbons in shock-heated
gases Graham et al. [27] found a decrease in the rate of soot formation above
1800 K although there was a rapid increase in rate with imereasing temperature

below 1800 K. They interpret their results via a scheme with two pathways:
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Earlier others [29] had proposed direct condensation of aromatic rings to
account for the greater tendency of aromatics over aliphatics or acetylene
to form soot. As early, however, as 1962 Stehling et al. [53] concluded

that polycyclics and aromatics were not the main precursors of soot (see also

Ref. 54).

Stein [55] has used well-developed thermodynamic techniques for esti-
mating the energetics of selected polycyclic aromatic hydrocarbons, (PCAH),
and with these new data estimated equilibria among several PCAHs and H. and
C:H,. For the first six members of the most thermodynamically favored high

temperature PCAH polymerization route he gave: i




Ca .1
Cs CqHap
- -
]
Ca CqH2
- —————

where C; and C,H, refer only to the numbers and type of atoms added in each
step and do not imply a specific chemical species or mechanism. The signifi-
cant conclusion of his study was that in a homogeneous equilibrium system above
about 1700 K there exists a critical highly condensed polycyclic aromatic
species whose concentration is at a minimum with respect to other highly
condensed aromatics. He points out that this will constitute a thermodynamic
barrier for homogeneous high temperature soot formation. Thus for the pro-

posed pathway in which aromatic units remain intact [55]:

O—0O-O— o

O-terphenyl

|
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O-terphenyl has the lowest equilibrium concentration over a wide range of

conditions. Since the thermal stability of polyacetylenes decreases uniformly
with increasing size and PCAHs are the only thermodynamically stable species,

he argues that soot formation must occur through PCAHs which represent the

most favored thermodynamic path. The species present at the lowest concentra-
tion in the path should be involved in the rate limiting step. This thermo-
dynamic data which is now available should be used to evaluate specific
reaction schemes to account for soot formation in experimentally studied flames.
Bittner and Howard {18,35] have recently reported detailed neutral species
profiles on near sooting, ¢ = 1.8 (¢. = 1.9) benzene/oxygen/argon flames at
2.67 kPa. From a detailed analysis of the species concentration profiles and
the species flux profiles they conclude that the polycyclic aromatic hydro-
carbons observed in sooting flames cannot be formed by condensation reactions
of intact aromatic rings, and that much of the carbon that ends up as soot
comes from non-aromatic hydrocarbon intermediates. Their flux profiles indi-
cate that the benzene molecule is attacked by OH rather than O and that CO,
CsHeO and CsHs are early intermediates in the ring destruction process but
that C.H, is not. They point out that for rapid growth of aromatic structures
by a free radical mechanism the stabilization of the energy rich intermediates
formed by the addition of radicals to stable hydrocarbons may be a crucial
step and that an aromatic hydrocarbon may do this. From a consideration of
the addition of aromatic radicals to non-aromatic molecular species including
phenyl and benzyl radicals to acetylene, 1,3-butadiene, vinyl acetylene, methyl
acetylene, and allene, only two mechanisms (Ce¢Hs + C,H,) and (C,H, + CsH.) were
found where unimolecular rearrangement of the intermediate to form a six-
membered ring is favored over other decomposition channels. The next step

is clearly a kinetic model to determine whether the rate through so few
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of the many possible channels is sufficient to account for the rate of soot

formation.

In summarizing the above discussion it seems clear that many neutral
specles mechanisms for soot formation have been proposed and where they have
been examined in detail there are serious problems with the nucleation steps.
Polyacetylene mechanisms are rejected as being too slow and having difficul-
ties with rearrangement to a polycyclic structure. Polycyclics have been

rejected as the essential nucleating agents because they continue to increase

in concentration after the rate of soot formation has gone to zero.

Combinations of free radicals which are decaying through the flame front with
acetylene, polyacetylenes or polycyclics may be the key to the nucleation
mechanism but none of these various concepts have been developed to the point
of being convincing. Many of the difficulties arise from the necessity to
form cyclic structures without requiring extensive molecular rearrangements
and thus large entropy changes. Clearly no completely satisfactory neutral
species mechanism currently exists to account for the very rapid formation of

soot in flames.

IONIC MECHANISMS

Increasingly authors of papers on soot formation allude to possible
ionic mechanisms, often after demonstrating the weakness in neutral free
radical mechanisms as demonstrated in the previous section. In fact, a
number of specific ionic nucleating mechanisms have been suggested [5,11,37,
56-59]. It will be the purpose in this section, after reviewing some of the
observations which have led to considerations of ionic mechanisms, to present

a unifying picture of soot formation which utilizes many of the neutral free
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radical mechanisms discussed above--to the point where they run into trouble--

with an ionic mechanism which appears to overcome the major problems. There
are, of course, still difficulties remaining, but of a different nature and
requiring a different experimental and theoretical approach than has been
previously pursued. The effect of ions on the growth and agglomeration steps

will not be covered--they have been well documented by Howard and associates

{10,11,42,58,60,61].

Experimental Observations

Some of the experimental observations which have led to the recognition
of the importance of ions will be reviewed. Although in many cases they are
not germane to the nucleation step, they are relevant as historical

observations which have directed the researcher's attention to ionic mechanisms.

Charged Carbon Particles

Mayo and Weinberg [62] concluded from ion mobility measurements with
electrical potentials across counter-flow diffusion flames that each soot
particle carries unit charge. They interpreted their results as a growth of
soot on flame ions as well as neutral growth followed by charge attachment,
Ball and Howard [61] studied the charge on soot particles by measuring their
mobility after removing them from the flame. They interpreted their results in
terms of thermionic emission and electron capture by the soot particles after
they were formed. This, of course, says very little about the initial mecha-
nism of particle formation but does show that the final particles are elec-
trically charged. Subsequently, Wersborg et al. [1l] measured all charged
species larger than about 300 amu in a flat acetylene-oxygen flame at 2.7 kPa
(20 Torr) and demonstrated that only positively charged molecules were present.

The total positive charge concentration showed a distinct peak at a height
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above the burner just preceding the onset of visible soot formation. The mass
distribution of charged species peaked sharply at a mass which increased with
increasing height (time) above the burner, Fig. 8. They concluded that nuclea-
tion on ions was a feasible mechanism for soot formation under the conditioms
of their experiment. It is significant that all of the above agree that only
positive ions are of importance.

More recently Homann [43] has demonstrated the presence of negative spe-
cies with concentrations lower than those of positive species. The concentra-
tion of negative species peaks for lower molecular weights than for positive
ions and then shows a broad range of negative particle masses, still at smaller

diameters than the positively charged particles.

Effect of Electric Fields

Weinberg et al.[62-65], in an extensive series of experiments, dem-
ongtrated that soot particle growth in a flame can bewcontrolled by means of
electric fields. For example, if the electric field is such as to increase
the residence time of the positive ions in the flame, larger particles are
produced than when the ions are in the flame for a shorter period of time.
They also showed that the soot collected on the cathode from a flame deflected
by an electric field "is strikingly different from that collected on a cold
surface in contact with the flame in the absence of a field." Similar studies

and observations have been made by others {66-68].

Identification of Embryo Ion

Miller [69] in a mass spectrometric study of ions in diffusion flames,
observed that when soot formation is induced by the addition of small amounts
of carbon tetrachloride, the concentration profiles of hydrocarbon-type ions
are completely altered, and the concentration of high molecular weight hydro-~
carbon ions is enhanced by many orders of magnitude. Subsequent mass

spectromecric studies by Delfau et al. [13) and Olson and Calcote [17]
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of ions in premixed flames have demonstrated a strong correlation between the

appearance and growth of large positive ions and the onset of soot. The ques-

tion here is which is the cause and which is the effect?

Electron Addition

Salooja [70] and Bowser and Weinberg [71] have demonstrated that the
addition of electrons to flames, from small coated wires placed in the flame,
can markedly alter the quantity of soot produced. The effect, enhancement or
suppression, is dependent upon the position of the wire in the flame, i.e.,

where and in what quantity the electrons are introduced.

Chemical Additives

Bartholome and Sachsse [72] in 1949 found that nickel and alkaline earths
reduced the quantity of soot formed in a flame, They explained this by pictur-~
ing the charged additive particles as attaching to the embryo carbon particles
and thus repelling each other. More recently, Haynes et al. [73] have demon-
strated, by measuring the variation of particle number density and diameter as
an almost linear function of ion concentration, that the effect of alkali metal
ions is to charge the soot particles thus preventing their growth by collision
with each other. Addecott and Nutt [74] showed a correlation between ioniza-
tion potential and the ability of an additive to reduce soot formation. Similar
work was reported by Feugier [75~77] and Bulewicz et al. [78] who demonstrated
that ionizable additives, e.g., alkali metals,can either increase or decrease
the rate and quantity of soot produced. These latter authors agree that tbe

inhibiting effect of metal additives is related to ionic reactions; their

results are interpreted by detailed mechanisms involving the nucleation process.

It is also well known [2,58,79,80] that in the production of carbon black, the

easily ionized alkali and alkaline earth metals are added to the flame to con-

trol both the quantity and the properties of carbon black. On the other hand,




Cotton et al. [81] studied the effect of 40 metal additives on propane-air
diffusion flames and interpreted their results by a free radical mechanism.
When an easily ionized metal atom is added to a flame, charge transfer
from the natural flame ion occurs rapidly producing metal ions [82-84]). Al-
though metal ions could act as nuclei, they would not be expected to be as
efficient as normal hydrocarbon flame ions because of less easily formed
chemical bonds. It is important to recognize that easily ionizable chemical
additives can affect any one of the three steps in particle formation. Inter-
pretation of the observations within a unified framework would be complex and
in fact is probably not possible because of limited data. Chemical additive

effects will not be treated further in this discussion.

Fuel Structure

Diffusion flames of almost all organic substances except methyl alcohol,
formaldehyde, and formic acid produce luminous tips, i.e., form soot particles
[3]. 1Inorganic carbon containing molecules such as carbon monoxide [3], car-
bon disulfide, and a mixture of carbon disulfide and hydrogen [28]), and cyano-
gen [85] do not produce soot. Of these gases only methyl alcohol [86] and
cyanogen [87] produce flame ions. Methyl alcohol produces flame ions ineffici-
ently [88,89] and the ions in cyanogen flames are different from those in hydro-
carbon flames {82,87,90]. Carbon monoxide and carbon disulfide do not produce
flame ions [91]. Beyond this observation there exists no direct fuel
chemistry-related correlation between the tendency to smoke and the tendency
to produce ions [92]. This lack of obvious correlation is expected because
the means of measuring the trends ignores important parameters such as tempera-

ture and neglects any consideration of the complicated kinetics which must be

involved.




Ion Concentrations

The concentrations of heavy hydrocarbon ions in an acetylene-oxygen flame
at 2.7 kPa were found by Wersborg et al. [11] to be much larger than the peak
concentration of soot particles, Fig. 6. From this they conclude that an

ionic nucleation of soot particles is feasible, There are problems with these

measurements of heavy hydrocarbon ion concentrations as well as with several
more recent measurements of ion concentration in sooting flames [11,13,43].
(See discussion following Ref. 17.) More careful measurements of absolute ion
concentrations, ranging from small to large ions in nonsooting and sooting

flames are highly desirable.

Activation Energy

From the temperature dependence of the critical equivalence ratio for
soot formatipn in ethylene-air flames, Millikan [26] deduced an activation
energy for soot formation of 140 * 40 kJ mol™*, Peeters et al. [93] measured
the overall apparent activation energy for chemi-ionization of a series of
hydrocarbons added to H;/0, flames and found 140 * 7 kJ mol™'. The agreement

is amazing and is consistent with an ionic mechanism of soot nucleation.

O-Atom Hydrocarbon Reactions

Vinckier et al., [57] found in an acetylene rich system reacting with
O atoms that
CHO' + CsH, + CiHs® + CO (14)

was followed by rapid ionic polymerization with acetylene to form C and

H+
2n 2n+l
CZnH;n—l' They suggested that such polymer ions are the nucleation centers

for soot formation in fuel rich flames.
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Ionization During Pyrolysis

Soot is produced under purely pyrolytic conditions, i.e., without the E
presence of oxygen, so that for an ionic nucleation theory to be generally gi
applicable to both flames and pyrolysis it must be demonstrated, as a minimum, {

that ions are present in pyrolytic reactions. Abrahamson and Kennedy [94]

measured the current between two electrical probes in both argon diluted
methane and propane flows through a tube heated to 1300 to 1400 K at 1 atm pres-—
sure. For a 42% propane in argon mixture they measured 14 LA current with

25 V applied between two tungsten probes 6.2 mm diam, 26 mm long, and 10 mm

apart. Assuming one probe is operating as a Langmuir probe with an ion sheath
these results would indicate a positive ion concentration of about 10'?* ioms

cm™?.

Bowser and Weinberg [95] have demonstrated the occurrence of chemi-

ionization in the pyrolysis of ethylene in the absence of oxygen, behind

reflected shock waves. Experiments were carried out with 100% ethylene pyroly-
sis produced by a reflected shock. The end of the shock tube contained an

axial electrode protruding a few mm back into the tube and an electric field was )

applied between this probe and the tube wall; the current to the probe was
displayed on an oscilloscope. Saturation currents were measured with voltages
of about 20 kV m~' and ranged from about 0-1 mA at 900 K to 10 mA at 1800 K
(calculated shock temperature). They interpret their results as yielding ion
concentrations between 10! and 10'® ions cm™? at test pressures close to

atmospheric.

Both of these sets of experiments indicate very high ion concentrations

in hydrocarbon pyrolysis and demonstrate the need for careful verification.




Bowser and Weinberg [95] suggest the ions produced in pyrolysis of hydro-
carbons are due to the reaction:
C, + CHsy =+ CsHst + e~ (15)
Because C; has been observed in both absorption and emission in pyrolysis
experiments while CH has not [43,96-99], they conclude that the reaction:

CH* + C,H, + CaHst + e~ (16)

sometimes considered as a primary ion produced by chemi-ionization in flames [100],

cannot be important in pyrolysis systems. If C, is in the ground state
Reaction (15) is endothermic by 195 kJ mol ! for a linear structure of C3H3+
or 95 kJ mol™* for a cyclic structure of C3H3+. For C, (Aang) Reaction (15)
is exothermic by 27 to 167 kJ mol™ ' depending upon the excitation energy of C.
and the structure of CsHs'. The basic problem of accounting for C; or C,*
as well as CH and CH* in pyrolysis or flames is brought into focus by their
apparent importance in ionization in pyrolysis or in rich flames (see subsequent
discussion). Their source and relationship to each other are not at all clear
(101], Knewstubb and Sugden [ 56] suggested the reverse of Reaction (15) to
account for C.* in flames. Gaydon and Wolfhard [3,101] propose that C, is in
fact produced by the decomposition of a polyacetylene, e.g.:

CeH, —+ C, (graphite nucleus) + C, + H: (17)
Using the data of Cowperthwaite and Bauer [102] this reaction would be endother-

mic by more than 1000 kJ mol™*.

The nature of the ions produced in pyrolysis, their mechanism of forma-

tion, and their relationship to soot production in pyrolysis deserves further

attention.
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Thermal Ionization

The above discussion makes it clear that ions are associated with soot
formation and that ionic mechanisms can be used to explain soot formation under
many experimental conditions. Before proceeding further with an ionic mecha-
nism, however, the possibility that ions are a byproduct and not a major
intermediate in soot formation should be examined. The first possibility which
must be considered is that the ions are produced thermally, i.e., that they are
simply a result of equilibrium due to the high flame temperature. This pro-
posal can be tested by calculating equilibrium ion concentrations using Saha's

equation [5,103,104]

for the reaction:

equilibrium constant

g, 8
ha where the g's are statistical weights of ion, Bys electron,

8 and neutral species, g
absolute temperature
mass of the electron
Boltzmann's constant
Planck's constant
I ionization potential for species A
For small ions it is readily demonstrated that the concentrations of ions
observed in nonseeded flames (i.e., without alkali or alkaline earth atoms

added) cannot be accounted for by thermal ionization [105,106]. However, when

large particles are present and the ionization potential is replaced by the
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work function of the particle, the number of charged particles and the number

of charges (positive) on the particle can be accounted for by thermal ioniza- :

tion [5,43,58,92,106] (see also Ref. 107). The calculation for multicharged
particles is more complicated than described by Eq. (A); the reader is referred ;:
to the literature {103,104,108]. The question here is to what extent might the |
large molecular ions observed in the early part of the flame, Table 2, be i
accounted for by simple ionization of large molecules whose ionization potential i
must at some point approach the work function of large particles?
Since ionization potentials of very large molecular ions are not avail-

able, the first task is to determine how the ionization potential varies with
the size of the molecular ion and how it approaches the work function of a

large particle. To do this the variation of the work function of a particle

with size will be calculated and the work function of small particles approach-
ing the size of large molecular ions will be calculated and compared with the
known ionization potential of large molecular ions. The equation for the

energy to remove one electron from a particle is given by [104]

e
I vV + 36 (B)
where V = work function of the substance making up the particle
e = charge on the electron

C = capacitance of the particle

where C = 27me,d for a sphere of diameter d
and C = 4eg,d for a planar disc of diameter d
€y, = dielectric constant of free space

Assuning the work function for soot to be the same as that for graphite, 4.6 cV,

(0.74 aJ or 0.74 x 107'® J) the curves in Fig. 9 have been calculated. To deter-

mine the validity of these curves for large molecules and to determine whether the




spherical or planar disc curve should be used, calculated ionization potentials
were compared with experimental values (see also Refs. 5, 104), The agreement
was remarkably good for planar discs so that the upper curve, Fig. 9, can be
used with confidence in calculating the ionization potential or work function

of large molecules and small particles.

The first objective will be to compare measured concentrations of 'large
positive ions" (> 300 amu) with calculated concentrations using the above

procedures. The experimental large positive ion concentration is given in

Fig. 6 and the large molecular mass concentration is given in Fig. 5. It is
necessary to know the molecular weight to transfer the mass concentration
into the number density required for the calculation. The molecular weight
is not given but since the ion molecular weights were >300 amu the molecules
from which they were derived must be =300 amu. Further, since in the exper-
iments from which these data were derived the smallest particle distinguished
from large molecules had a diameter of 3 nm, the molecular weight of the
large molecules must be <10,000 amu (see Fig. 9). A linear variation of
molecular weight from 300 to 10,000 amu was assumed over the distance of
interest, from 1.5 to 5.0 cm, in estimating I and n to be used in calculating
positive ion concentration by Eq. (A). The temperature was that given in
Fig. 3. When this is done the experimental values are more than two orders
of magnitude more than the calculated values, e.g., at 2 cm above the burner

3

the experimental concentration is 8 x 10®° ions cm™ and the calculated value

is 3 x 10°® ions cm~®, Thus the large molecular weight ions (amu >>300)

observed in sooting flames cannot be accounted for by thermal ionization of




the large molecules present, a conclusion previously deduced by Prado and

Howard (5].

Another compelling argument for rejecting thermal ionization of large
molecules is that the ions observed, Table 2, do not resemble the molecules,
Table 1; ions typically have an odd number of hydrogen atoms, imply-
ing proton or hydride transfer, while the molecules have even numbers of

hydrogen atoms.

Now consider the possibility of a thermal source of the ionized particles.
For this calculation the average particle diameter taken from Fig. 4 is used
to obtain the lonization potential, I, from Fig. 9, to be used in Eq. (A).
The neutral particle number density, soot, is taken from Fig., 6, The temper-
ature is taken from Fig. 3 as above. The agreement, shown in Fig. 10, is
amazing., It must be concluded that the small charged soot particles with
diameters <3 nm observed in flames are explained simply as due to thermal
emission of electrons from the particles. This must also explain the increase
in total charged species, >300 amu, observed by Wersborg et al., [11l] for
increasing equivalence ratios in sooting acetylene-oxygen flames measured by
the current delivered to a Faraday cage. It must also explain similar results
obtained by Delfau et al. [13] with an electrostatic probe; as the equivalence
ratio increased to the critical equivalence ratio for soot formation, ¢c'
the maximum ion concentration decreased but as the equivalence was increased

beyond ¢c the maximum ion concentration increased.

The problem posed by Fig. 4, also observed by Homann [43], that at any
position downstream of the formation of soot the neutral soot particles are

larger than the charged particles is contrary to what would be expected for
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thermal ionization of the particles because larger particles have smaller
ionization potentials, Fig. 9. Homann explains the observation by a "kind
of chemi-ionization" in which exothermic growth reactions heat the small
particles preferentially., It is difficult to imagine the particle gaining
sufficient temperature above that of the environment by this mechanism
because of the large number of collisions with nonreactive molecules which
| will remove the energy as fast as it is added. An explanation might be

sought in the observation that electron-particle recombination coefficients,

already large, are proportional to the particle diameter [109]. Thus smaller
particles may be in thermal equilibrium but larger particles may not‘because
the rapid charged particle electron recombination may exceed the rate of
thermal ionization. Obviously a more quantitative analysis is required. If
this explanation is correct, how does one account for the good agreement in
Fig. 10 or the observation by Homann [43] that the work function he derives
for soot particles by the application of Saha's equation to his data is
about 0.8 aJ, consistent with what would be expected for thermal ionization
of the particles present? There is, in fact, additional evidence for thermal
ionization of soot particles. When electrons are withdrawn from a nonsooting
flame, e.g., in flame ionization detectors [88, 110], a saturation current

is obtained where the rate of ion removal by the electric field is equal to
the rate of ion production. Delfau et al. [13] have observed that the slope
of the saturation current-voltage curve increases at the equivalence ratio

at which soot is formed and continues to increase as the equivalence ratio is
increased and more soot is produced. This indicates an equilibrium source

of electrons, e.g., thermal ionization of particles in which the electrons
are replaced as fast as they are removed. This phenomenon has also been
observed by Olson (111], and both Delfau et al. [13] and Olson [111] observed

a similar result when alkali metals, which are thermally ionized and in
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equilibrium, are added to nonsooting flames. Others [112,113] who have
reported saturation current measurements in sooting flames have not reported
this same observation. However, Boothman et al. [112] observed that in
sooting flames electric charge was generated throughout the total flame
volume rather that in just the flame front and they interpreted this as due
to thermionic emission from soot particles. An explanation of Fig. 4 consist-
ent with thermionic emission of electrons from soot particles is needed, or
a means of explaining the evidence for thermal emission which is consistent
with Fig. 4 is needed. Could the data in Fig. 4 be in error?

To sum up this discussion: thermal ionization cannot account for the
ionization of small or large molecules (amu < 10,000) in sooting flames but
does seem to account for the charged particles (= 10,000 amu) which are

observed when socot is formed.

Mechanism of Incipient Soot Formation

It has been demonstrated in the above discussion that none of the nuclea-
ting mechanisms involving neutral species proposed to account for soot forma-
tion in fuel rich flames are wholly consistent with the experimental observa-
tions. A aechanism will be presented here which borrows the acceptable
elements of several previously proposed free radical mechanisms and merges
them with an ionic mechanism to overcome the objections raised to the neutral
species mechanisms. This involves a chemical nucleation step where ion mole-
cule reactions are important in contrast to physical nucleation on ions [8].
The overall scheme is depicted in Fig. 11. All of the species proposed in the
various steps have been observed in sooting flames. The main neutral building
blocks, CxHy’ include acetylene, the polyacetylenes, and such species as C,H,
CHz, and C,H. The reactions producing these reactants have already been

discussed.
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The primary ions are produced by chemi-ionization:
CH + 0 - CHOY + e~ (19)
or CH* + CzH, - CsHs® + e (16)
Reaction (19) is generally accepted as the source of ions in hydrocarbon flames
[82,84,114]. Reaction (16) is often proposed as the source of the large concen-
tration of C,H,+ observed in fuel rich flames; however, the proof is still very
fragile [82,100,114]. The mechanism of formation of C9H3+ in fuel rich flames

merits additional study.

Ion-molecule reactions follow very rapidly [82,83] so that cHO' is never
observed in large concentrations:
CHO* + C:H0 - CoHsO' + €O (20)
+ +
CzH30 + CzHg g CsHa + CH20 (21)

ciot + H,0 2 Hs

ot + co (22)
cio* + CiH, » C:Hs' + €O (23)
Reactions (20) and (21) are representative of a number of mechanisms going from
cHO' to CsHs' [83]. Reaction (22) is in equilibrium [83] and is the principal
source of the dominant H30+ observed in near stoichiometric and lean flames.
The dominant ion observed in rich flames is C3H3+. At the critical equivalence
ratio for soot formation the concentration of C3H3+ falls very rapidly and is
replaced by larger ilons, Fig. 12. Reaction (23) is from O-atom reaction
studies in flow tubes by Vinckier et al. [57] who observed this ion polymerize
to produce larger ions and suggested that these polymeric ions are nucleating
centers for soot formation in flames. Although C.Hst is not observed in large
quantities in flames [82] this does not eliminate the possibility of Reaction

(23)--C.Hs* may simply react very rapidly.
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The next step in the scheme, Fig. 11, the formation of Csz+ ions from the

primary ions and CxHy building blocks would be represented by fast ion-molecule
reactions such as:
C:H, ~ CsHa' + H, (24) |
C.H - CsHs® + H (25)
CaHst +( CH, > Csls™ + Cola (26) "i
C.Ha + €,Hs (27)
CeHa + CoHs* (28)
C.Hs' + CaHa ~ CuHst (29)
C.Hz = CJHs® + H0 (30)
HsOT +¢ CeHa + CeHs® + Hi0 (31)
CoHz ~+ CeHs® + H,0 (32)

All of the above reactions are exothermic.? Incidently, one of the problems in

e

separating out possible reactions to account for the observed ions is the lack

of thermodynamic values for the heats of formation of the ions involved.

e e T

The next step in the process, Fig. 11, is the growth to larger ions by
further addition of the building blocks, CxHy’ to the Csz ions produced above.

The following set of reactions is typical of this step:

2 These calculations assumed the cyclic structure of C9H3+ for which AH:® =

f
1075 kJ mol~* [116] and the recently obtained value of Michaud et al, [117] for

+
C,H3+ of AH;’a = 1280 kJ mol™*'. The literature value for CzH, , AH;” =

1490 kJ mol™! (derived from the appearance potentials in Ref. 116) would make

some of these reactions endothermic.




CsHst + cCoH, + CoHst (33)

C/HsT + C.H, + CoH,t (34)
CoHot + CiH, » CuuH, Y + H, (35)
Coy™ + CHy, > CusHy® (36) ]
CoH,¥ + C.H, + CysHeT (37) ¥
CiH,T + CHa =+ CyHs¥ (38)
CisHsV + CoH, + CuoHyyt (39)

The ions C;3H9+ and C;9H11+, amu = 165 and 239, respectively, are dominant

ions [17] and probably have the stable structures:

CyaHg* CigHy*

= ©©© ©©©©©

Rearrangement to a polynuclear or aromatic structure which is far more

stable than a linear structure is assumed to occur very rapidly because of the

propensity of -gaseous ions to rearrange to their most stable structure [118-120].

This rapid rearrangement of ions overcomes one of the problems associated with
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the neutral species theories discussed earlier, namely the problem of forming a

polycyclic structure from a linear structure. Another problem of the poly-

acetylene or polyaromatic polymerization theories, the observation that the

concentrations of these species remained high while the rate of soot formation

decreased, is also accounted for. Since the source of ions is chemi-ionization, . {
which only occurs in the flame front [82,84,114], the ion concentration will

continually decrease by ion recombination so that the rate of soot formation

will also decrease. It 1s easy to visualize reactions similar to Reactions

(33) to (39) which would continue to produce even larger ions, with increasing

carbon to hydrogen ratio. Oxidation of the growing ion would continue to

remove hydrogen, further increasing the C/H ratio. As the ions and neutral
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molecules (from neutralized ions which probably continue to grow) become
larger, their properties continually approach those of particles instead of
molecules, e.g., Fig. 9, and they become ionized because of their low work
function as discussed above. The change from molecular to particle properties
occurs at a molecular weight of about 10“ which corresponds to an incipient
particle diameter of about 3 nm.

Another argument for the ionic nucleation and growth mechanism, not yet
mentioned, is that starting with chemi-ions which are far out of equilibrium
is 1like starting on the top of an energy mountain. The excess energy in the

chemi-ions is available to drive the process downhill to a lower energy level.

Another interpretation could be placed on the source of large ions
observed in near sooting and sooting flames; they could be formed by equilib-
rium ion-molecule reactions between CSH3+ and larger neutral species, as
suggested by Michaud et al. [117]. 1In fact they showed that in a slightly
sooting flame the heats of formation of several ions could be derived from the
observed relative concentrations of ions and neutral species. This is consist-
ent with the mechanism of formation of most of the ions in lean and stoichio-
metric flames [83]. Michaud et al. always observe much greater concentration
of CSH3+ than the concentration of other ions; this is not true in richer
sooting flames, Fig. 12, where the CsHs* concentration becomes very small,
presumably because of reactions forming larger ions. Further, the equilibrium
argument requires a rapid mechanism forming the large neutral species and, as
already discussed, these are not easy to write down. Then the large-ion form-
ing reaction,

CizHe + CsHst 2 Cusle™ + CoH, (40)

would be generally endothermic by about 170 or 390 kJ mol™' depending upon
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whether C,;He is biphenylene or acenaphthylene.3 For comparison C;3H9+ could

be produced by an ion growth process employing Reactions (24), (33), (34), (35),
and (36) which all add acetylene in an exothermic reaction.

Clearly more work should be done to quantify the above ionic mechanism i
of soot nucleation; this should include more detailed experimental species
concentration measurements especially of ions through the flame front, better
estimation of the heats of formation of ions involved to be used in estimating
reaction rates, and the development of detailed computer models {115} which
can be compared with experiments to determine whether or not the above mecha-

nism will hold up under quantitative scrutiny.
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3 The heats of formation of the ions for which data are not available are

estimated from Fig. 12 in Ref. 115.
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TABLE 1

Molecules Observed in Sooting Flames

T e ey = < e =

Polycyclic aromatic hydrocarbons in the combustion products
of turbulent diffusion flames of kerosene and benzene.?
From Prado, Lee, Hites, Hoult, and Howard [15].
Molecular
Weight Name Formula Structure
H2
116 Indene CoHe @
128 Naphthalene CroHo
142 Methylnaphthalene CiiHso O-c
152 Biphenylene Ci2He @l@
152 Acenaphthylene CizHe @i@)
154 Biphenyl CizH10
H,C—CH,
154 Acenaphthene Ciz2Hi0
166 Fluorene CiaHio @.@
166 Methyl hthyl C:sH »
ethylacenaphthylene 13li0 @@ CHs
168 Methylbiphenyl CisHiz (@€ al
()
176 Cyclopent (f,g)acenaphthylene CioHe ©'©
178 Phenanthrene CiuHio ©©©
+
Anthracene
1O
190 4H~-cyclopenta(def)phenanthrene CisHio

aEssent:lall)r the same molecules are observed in rich nonsooting prenixed

benzene-oxygen flames at 2.67 kPa [18].
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‘ [ TABLE 1 (continued)
Molecular .‘
Weight Name Formula Structure :
® ;
192 Methylphenanthrene CisH;2 @@ CH,y |
202 Fluoranthene CieHio
202 (L
Benzacenaphthylene CieHio @@
202 Pyrene CisHio ©©©©
204 2-phenylnaphthalene CieHi2
Hp
216 Benzofluorene Ci,H:2
216 Methylfluoranthene CisH;2 g’©
CH
+ 3
Methyl e @©®
ethylpyren @@ -~
y 226 Benzo(ghi) fluoranthene CieHio ©©.©©
226 Cyclopenta(cd)pyrene CieHio ©©©©'/
240 Methylcyclopenta(cd)pyrene C,9H:2 ©©©©'/ CHy i
® i
252 Benzofluoranthene Ca20H12 ©'© @ .
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TABLE 1 (continued)

Molecular
Weight Name Formula Structure
©®©
252 Benzo(e)pyrene CaoH:2 @@
Q
+
Benzo(a)pyrene ©%©©
252 Perylene CaoH:2 8@8
276 Indeno(l,2,3~cd)pyrene Ca2Hi12 ©©©©.©
276 Benzo(ghi)perylene CazHiz O=O) 00®
+ O
Anthanthrene ©©© ©©©

300

Coronene

CauHy2

M &




TABLE 2

Ions Observed in Sooting Acetylene-Oxygen Flames [13,17]

Molecular
Weight Formula Suggested Structure
g
+
39 Colls
ey
+ -t =
51 C.Hs =< = C-
+ N 'd
53 C.Hs /C=C_C=Cl ~
|
63 CoHs™ ~Cm G-CmCCH
|
65 c.u.* —Ca=C-g=(-C~
+ /
75 CsHs —CEC&CEC_ﬁ{:C\
, + _ + || 7
1 77 CeHs —CIEC*C=C‘CF{K
i
L+ E I
79 C5H7+ \C=C-C=C or ¥
s \
+ + 1|
89 C,Hs —Cam C—C=CC=C—C—
|
\ —
/C—C\/

103 C9H7+

115 CollsT

e
o

129 CroHs” IC;(cFC_C:C: or
@ ]

AN o -

139 Cx 1H7+




—

TABLE 2 (continued)

Molecular 'j
Weight Formula Suggested Structure f

C=C~C

RS :
=C—C=C—-C—
143 C11H11+ I(i ! i,
’ + ¢=c{
153 Ci2Ho @@ or @.O
+

165 C13H9+

'
7 é" or JOOOK
191 z=c: ‘ :
203 Crallagt c=_=c-él_ . @@@? ﬁ

215 CisHy, @@@@

+
227 C;ng 1+ O c=C




Molecular

Weight

229

239

Formula

CIGHIS

C19H1 1

TABLE 2 (continued)

Suggested Structure
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Figure Captions

Fig. 1. Growth from primary molecular species to soot aggregation, assuming
ions as the nucleating agent.

Fig. 2. Typical sooting flame on a flat flame burner.

Fig. 3. Flame temperature and C,, CH, and OH emission. Emission intensities
from Bonne, Homann, and Wagner [28]. Temperature measurement by Bonne and
Wagner [29] by Na-line reversal. Tompkins and Long
[22] report T about 500 K lower at ¢ = 3.75.

Fig. 4. Increase in soot and charged particle diameters. Bonne, Homann, and
Wagner (BHW) [28]. Prado and Howard (PH) [5] at ¢ = 3.0. The "soot'" curve
is an average with the original data defining the cross-hatched area of
uncertainty.

Fig. 5. Mass concentration of soot and large molecules. "Total polymeric

material”™ and "PCAH" from Tompkins and Long [22], ¢ = 3.75, u = 31 cm s™%;

- "soot" curve is average of Wersborg, Yeung, and Howard (WYH) [11], ¢ = 3.0

(volume concentration converted to mass assuming p = 1.5 g cm™®) and Bonne,
Homann, and Wagner (BHW) [28] (mass fraction converted to mass concentration).
"Large molecules'" curve is average of Wersborg et al. [11], ¢ = 3.0 (volume
concentration converted to mass concentration assuming p = 1.5 g cm” ®) and
Bonne et al. [28] (mass fraction converted to mass concentration) (see also
Ref. 39).

Fig. 6. Concentration profiles. 0., CO, C;H,, H,0, C;.,He, and "precursors"
from Homann and Wagner [16,33]; C,Hz, Ce¢H2, CeH; from Bonne, Homann, and
Wagner [28]; large positive ions and charged soot particles from Prado and
Howard [5], ¢ = 3.0, u = 38 cm s~ ions, 300-1000 amu from Olson and Calcote
{17); determination of curve shape by mass spectrometry, concentration esti-

mated by comparison of results with Prado et al. [5], Delfau et al. [13], and




Wersborg et al. [11] (see discussion following Ref. 17); soot number density

below 3.5 cm from Wersborg, Yeung, and Howard [11], ¢ = 3.0, u = 50 cm s~'. Bonne
number densities

et al. [28] goot Acontinue to rise to 6 x 10** em™ at 2.8 cm. Above 3.5 cm

the data of above two groups, which were very close, have been averaged.

Fig. 7. Concentration profiles for ¢ = 2.4. Data from Homann and Wagner [30].

u=50cms™", p=2.7 kPa.

Fig. 8. 8Size distribution of charged and neutral particles.
Charged Particles Neutral Particles

¢ = 2.25 ¢ = 3.0

b 1

u =31 cm s~ u = 50 cm s~

Distance above burner indicated above each curve. Charged particle data from

Wersborg, Yeung, and Howard [11}; neutral particle data from Wersborg, Howard,

and Williams [42]; data normalized so area under each curve is 100%. Charged

species measured by determining electric current to a Faraday cage in the

detection chamber of a molecular beam flame sampling instrument. Neutral parti-
microscopic

cles determined by electron A analysis of beam deposits collected in

same sampling instrument used for charged particles.

Fig. 9. 1Ionization potential or work function for large molecules and small

particles. Assumes: Particle density = 1.5 g cm™; for planar disc assumed

1/2

-20
d = (20'4 x 10 X N) where N = number of polycyclic hexagonal rings. The

™
20.4 is 4 x area of ring (in 107?° m? units) which is taken as 5.1; it is

5.24 for graphite or 5.02 for benzene. 1lev = 0.160 aJ.

Fig. 10. Comparison of calculated (equilibrium) and experimental charged

particle number density.

a




Fig. 11. 1Ionic mechanism of incipient soot formation. !
Fig. 12. Effect of equivalence ratio on peak ion currents for 2.0 kPa

acetylene-oxygen flames. The shaded area indicates the minimum equivalence

ratio for soot formation. From Ref. 115.
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APPENDIX B

IONS IN FUEL-RICH AND SOOTING ACETYLENE AND
BENZENE FLAMES

D.B. Olson and H.F. Calcote

AeroChem Research Laboratories, Inc.
P.0. Box 12
Princeton, New Jersey 08540

ABSTRACT

Mass spectrometric measurements of flame ion concentration profiles
have been made in low pressure rich and sooting acetylene/oxygen and
benzene/oxygen flames. As both flames are made richer and approach sooting
the predominant ion C,H;+ is replaced by large positive aromatic ions with
mass greater than 300. The profile of these ions corresponds with a
previously identified class of "soot precursor" species. Similarities and
differences between the ion spectra in the two flames are discussed along
with possible reasons for dual maxima in individual ion concentration vs
distance profiles observed in sooting flames.

The data are consistent with an ionic mechanism of soot nucleation.

* To be published in Eighteenth Symposium (International) on Combustion.
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I. INTRODUCTION

The formation of soot in combustion of hydrocarbon fuels has received
nuch attention, yet the basic chemical processes controlling the transi-
tion from gas-phase species to parti-les remain unclear. In a recent
review of the mechanism of soot formation in flames® the evidence was
assembled for an ionic nucleation mechanism based upon chemi—ionsT The
chemi-ions CHO+ and C3H3+ were the key to the initial growth of molecular
species to large polycyclic aromatic ions which ultimately became incipi-
ent soot particles. Detailed steps in the process were suggested. It is
thus important to understand the ion chemistry of fuel-rich flames in
order to verify this process and to explain the key chemical steps to
soot formation. We here report mass spectrometric measurements of ion
concentration profiles in fuel-rich and sooting low pressure premixed
acetylene~ and benzene-oxygen flames. Acetylene was chosen for study
because it is the most extensively studied sooting flame so our results
can be compared to previous data to obtain a detailed picture of the pro-
cess. Benzene with the same C/H ratio was chosen as representative of
aromatic substances whose tendency to socot is markedly greater than
aliphatic substances and because aromatic substances will be important
as "new fuels”. It should be noted that acetylene is unique in having
a very low tendency to soot in premixed flames, so from that point
represents a poor choice. More typical hydrocarbons will be studied in

future work.

Many similarities and some distinct differences are found between
the two flames; the basic trend being the predominance of C3H3+ in non-

sooting flames with large aromatic ions growing in concentration very

rapidly as the critical equivalence ratio, ¢c, for sooting is approached.




In the benzene flame front oxygen-containing aromatic ions are also observed

but downstream the ions in acetylene and benzene flames are the same. Ions

with 300 < mass <& 1000 amu become dominant very early in both flames at b

IT. EXPERIMENTAL

The low pressure flame apparatus and ion sampling quadrupole mass
spectrometer, shown in Fig. 1, have been described previously.? Briefly,
the flames were stabilized on a 12 cm diam flat flame burner and were
surrounded by a fuel-rich annular shield flame 16 cm in diam to prevent air
or combustion product entrainment. Gases were controlled using critical
flow orifices while benzene was metered by a syringe pump. The liquid
benzene was sprayed into a flash evaporator and the vapor fed to the burner-
mixing chamber through heated lines. The mass spectrometer sampling cone
was constructed from 316 stainless steel with a 90° outer angle and a
0.25 mm orifice. Ion profiles through the flame were obtained by moving
the burner with respect to the mass spectrometer sampling cone,

The majority of the results were obtained from acetylene/oxygen and
benzene/oxygen flames at 2.0 kPa (15 Torr) although some work was performed
at 2.7 kPa (20 Torr). The unburned gas velocity at the burner was 50 cm s !
in all the work reported here. Detailed individual ion species profiles
were measured for masses up to 300 at equivalence ratios above and below
the critical equivalence ratio, ¢., for soot formation as determined by the
appearance of the yellow-orange continuum soot emission. In addition, the
spectrometer was operated as a high-pass mass filter and profiles were
recorded of ions with mass larger than 300 up to the cutoff of the filter,

estimated to be about mass 1000. 1Ion current data from high-pass operation

of the filter are not directly comparable to individual mass profiles
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because the throughput of the instrument is much greater when acting as a
high-pass mass filter. Ion currents are reported instead of ion concentra-
tions because of the difficulties in quantitatively and reproducibly

calibrating the instrument.

III. RESULTS

Representative ion spectra from rich non-sooting acetylene and benzene
flames are shown in Fig. 2 taken at a distance of 1 cm from the burner
surface in the blue-green reaction zone which extends from about 0.5 to
1.5 ¢cm. These data are from a ¢ = 2.0 acetylene flame (¢, =2.7) and a
¢ = 1.8 benzene flame (¢, = 1.85). The essential features for the acetylene
spectrum are the high concentration of C3H3+ and the following series of
peaks spaced evey 13 or 14 mass units. Only odd number ion masses are
observed while for neutral species sampled from sooting flames the number
of hydrogens is even.® Other large peaks, for example mass = 63, 91, and
165, correspond to C,Hs+, C7H7+, and C13H9+. In these rich flames H,0+,
the dominant ion in near stoichiometric flames, is observed only at low
concentrations not visible on the scale of Fig. 2.

Figure 2 shows ions characteristic of the early benzene oxidation zone.
The spectrum is atypical in that beyond the flame zone the observed mass
spectrum rapidly becomes very similar to that observed in the acetylene
flame. Unique peaks are observed at mass 95, 109, 131, etc., with only a
small amount of mass 39, although further downstream at 2 cm from the
burner the concentration of C;H,+ dominates the spectrum. These unique
benzene ions are identified as oxygen-containing aromatic species C6H70+,

C,H.0+, C,H,0+, etc. Notable is the lack of species smaller than Cq

indicating little ring opening has occurred at this time.
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Figures 3 and 4 show additional data for thesc¢ same two flames in the
form of concentration profiles vs distance from the burner surface for
selected important species and the 300 < mass < 1000 group identified as

ions > 300. Note in Fig. 3 the early appearance of mass 165, 239, and

> 300 ions in addition to mass 39. The equivalence ratio of this flame 1

was considerably below the critical equivalence ratio at the sooting point
(¢ = 2.0 vs ¢c = 2,7). Similar data are shown in Fig. 4 for a benzene
flame just below the critical equivalence ratio for soot formation

(¢ = 1.80 vs $. = 1.85). Several profiles show dual maxima; the first

in the flame front and the second just beyond the point where soot emission

is first observed visually. This dual peak behavior is characteristic of
both fuels near and beyond sooting with the same ions occurring in both
peaks. Delfau, Michaud, and Barassin® have observed similar dual peaked
behavior with small ions dominating the first peak and large ions dominating
the second peak.

The dramatic increase in large ion concentration at the expense of

smaller ions 1s the most significant change that occurs in the mass spectra

as the flames are made increasingly richer and finally produce soot.
Figure 5 shows the profiles for the >300 group of ions from six acetylene
flames. A hundredfold greater peak concentration is obtained in a ¢ = 3.0
flame compared to the ¢ = 1,75 flame, accompanied by a corresponding
decrease in total concentration of small ions (determined separately using

bandpass operation of the mass spectrometer, 13-300 amu). The total ion

e

concentration remains nearly constant (within a factor of two~-the
precision of the measurements) over the wide range of equivalence ratios ]

investigated. Figure 5 also demonstrates the decay of the first ion peak

and the growth of the second ion peak as soot is produced. Tt should be




remarked that socot does not form--by visual observation of the well known
yellow appearance--abruptly in acetylene flames but rather slowly over a
range of equivalence ratios of 2.5 to 2.7. In benzene the appearance of
soot as the equivalence ratio is increased is very sudden and very
reproducible.

The variation in'peak ion concentrations as a function of equivalence
ratio for the two fuels 1s shown in Figs. 6 and 7. The absolute currents,
and thus concentrations, for ions > 300 and the other ions are not directly
comparable. We find it significant that at the soot point, indicated in
the figures, the large ion concentration, i.e., > 300 amu, reaches the
same level in both flames even though the equivalence ratios at which this

occurs are very different for the two fuels.

IV. DISCUSSION

The ion profiles of acetylene and benzene flames exhibit many similar-
ities and some distinct differences. The basic trend is for C,H,+ (mass 39)
to dominate in rich non-sooting flames with larger species becoming
increasingly more important as the soot point is approached by increasing
the equivalence ratio. In a strongly sooting flame (yellow-orange in color)
these ions are replaced by ions with mass > 300. The most important
species in addition to C,H3+ are masses 63, 65 (C,H3+, C5H5+), 89, 91
(C>Hs*, CH,Y), 165 (CisHe™), and 239 (C,oHi,"). Table I shows the species
observed at two positions in each flame, corresponding nominally to first
and second peak compositions. 1In addition, a suggested structure for each
ion is given; the mass spectrometer only identifies the mass but in most
cases there is little choice in what the structure might be. First looking

at the non-oxygen-containing ions, the small ions other than C,H;+ have C/H




ratios corresponding to molecules with conjugated double or triple bonds.

For C¢ and larger species aromatic structures become more and more dominant.
: Aromatic structures are chosen because of their greater stability over

other structures and the propensity of ions to rapidly rearrange to the more
H stable structures. Beyond C,, fused ring structures are observed.
The lons observed in the second peak, i.e., at about 2 cm in the

benzene flame are very similar to those observed in acetylene. The spectrum

e e ——

i at 1 cm is strikingly different; each of the unique ions in the benzene
flame contains an oxygen atom. Other flame studies“’® have identified

CecHeO as a neutral Iintermediate in rich benzene flames present in signifi-

cant concentration. It is difficult to speculate on the mechanism of
formation of ions in benzene flames because so little is known about benzene
combustion including the identity of the reaction which fractures the ring
structure. Nevertheless some of the unique ions can be accounted for as
follows:
CeHeO + CHOY » C.H,0% + CO
95 amu

CeHeO + CsHsT > CoH,07 + H,
131

+
CoH,07 + CaH, + CyiHo0
157

¥

C15Hs0"
181

CoH,07 + C.H,

A mechanism which explains the essential features of the ion spectra

observed in the C,H, flame has been formulated. The primary ions are

e s s

assumed to be formed by the usual flame chemi-ionization reactions

CH + 0 = cHot +

CH* 4+ CzH, = C3H3+ + e




followed by rapid charge transfer from chot to H,0 to give H;0+ or by

several reaction paths from CHO+ to give additional C,H,+.° If C,H;+ is

allowed to grow by reaction with only the three major neutral species,

CaH,;, CaH4, and C;H, the following sequence of reactions would occur:
C.Ha + CiHst 65 amu
CsHs* + { C.H, > CoH,* 89 | i
C.H  » CsHst + H 63
followed by continuing reaction of C;H, C,Hz, and C,H:; with the above
product ions and with each subsequently produced ion. Only exothermic

reactions in the forward direction are considered. If this type of addition 1

to the ions is continued with all rates assumed equal then the ion distri-

butions would be dependent upon the concentrations of C;H,, C,H;, and C,H
(assumed to be 100:10:1)7 and the number of reaction channels. Several
observed features are predicted by this mechanism: large concentrations of
the 89-91 and 63-65 pairs; higher concentrations of 103, 115, 129, and 153
than 101, 113, 127, and 151; and mass 165 being the main ion larger than

= 110. Obviously this is only a preliminary argument. More detailed and

quantitative calculations are needed to establish whether this type of
mechanism can ultimately lead to soot formation.

The reason for the double peaks is not clear. They do not appear to
be an experimental artifice., The second peak arises further downstream
than the leaner mixture first peak and includes the same ion species as the
first peak. It is not just a shift in location. The total number of . ;5

. charged species 1is not significantly larger when the second peak appears; 4
it may increase slightly, the data are not that definitive because of an

unknown variation in mass spectrometer throughput with mass. Flames with 1

dual maxima are always sooting or near sooting and therefore contain particles
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which can be thermally ionized if they are larger than mass 10“ or so' for
these specific flames. These, however, are not the species being observed,
and charge transfer from a small charged particle, P+, to a molecular or

radical species, M

is unlikely since the ionization potential of the molecule is higher than
that of the particle. Also the ions contain an odd number of hydrogens
and the neutral species observed® contain an even number of hydrogens.
Alternatively the process

piY + M = Mt + b

is thermodynamically unfavored but cannot be completely eliminated at

this time. The observed lons are the same in the first and second peaks;
not what would be expected from radically different production processes.
One possible explanation would be a reduced loss rate of ions leading to

a secondary increase in concentration. Since C3H3+ and the neutral building

blocks are still present at high concentrations at the second peak, the

ion growth processes are still producing larger ions. If the rate of ion %

recombination was suddenly reduced by electron attachment to particles, a
second rise in species concentration would occur. There is some evidence

that only positively charged particles are present,”’'®

but the data may
not be applicable to the flame front, and even downstream we think it is
very possible that a significant concentration of negative particles, less
than the concentration of positive particles, could have been overlooked.

In a recent paper Homann'' reported the presence of both negatively charged

ions and particles in similar flames.

The sudden appearance and uisappearance of "ions = 300" in the flame

front, e.g., Fig. 3, followed by ions of lower mass, which must be




intermediates in farming "ions > 300," appears to be incongruous, The
formation of these large lons so early in the flame front implies extremely

rapid ion-molecule reactions--a basic tenet of our argument. The rapid

o e .

decay of this group of large ions, presumably due to ion-electron recombination

or oxidation--leaving a smaller ion--and the persistence of smaller ions,

can be interpreted as a decrease in the availability of building blocks

necessary for sustaining the > 300 ions downstream, The smaller ions can
continue to be formed from CsHs*. More quantitative data on absolute ion ]
concentrations will be required to test this interpretation. We are in E

the process of obtaining such data.

The data obtained in this study are consistent with a mechanism for
soot formation in which chemi-~ions are the precursors of soot in spite of

the unexplained observations mentioned above. We find large ions formed

early in non-sooting rich flames and see their concentrations fall very
rapidly. In near sooting flames the concentration of these species remains
high and there is an abrupt change from small ions to large ions. It 1is
difficult to explain these ions as resulting from the soot particles or the
transfer of protons from chemi-ions such as C3H3+ to large molecules being

formed in a neutral reaction sequence to soot. The thermodynamics are

unfavorable. The large ions can be explained by very rapid exothermic
ion-molecule reactions and it is easy to extrapolate these growing by the
same processes to incipient soot particles. The energetics are favorable.
An additional argument for chemi-ions as precursors for soot formation
is obtained by comparing our results, Fig. 8, for the > 300 ion profile in

a 2.7 kPa (20 Torr) ¢ = 3.5 C,H,/0; flame with data measured in the same

flame by other workers. Homann and Wagner'? identified a class of species,

other than polyaromatic hydrocarbons which had a unique profile, and called

10




them scot "precursors". The > 300 ion profile from our work corresponds
closely with Homann and Wagner's precursor peak. The decay shape is

somewhat different, possibly since our ion profile includes a broader mass
class than the "precursors'. Thus, a progression from small ions to large

ions to incipient charged soot particles would be apparent.

V. CONCLUSIONS

A significant difference in the ion spectrum is observed between non-
sooting and sooting flames, with the increasing dominance of ions with mass
larger than 300 amu as the flame is made fuel richer. Dual maxima are
observed in individual species concentration vs distance profiles from
sooting flames. The ion profiles of acetylene and benzene exhibit many
similarities and some distinct differences. High concentrations of oxygen-
containing aromatic ions are observed in the benzene flame front; they are
not observed downstream of the flame front where the ions in benzene and
acetylene flames are similar.

The data and arguments presented here are consistent with an ionic
mechanism of soot formation in which the initial ions are chemi-ions and
the building blocks are C.H., C.H,;, and C,H, which add to the growing ion

by ion-molecule reactions.
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Table 1

lons identified in acetylene and benzene |lames

Relative concentrations indicated by number of *. lons unique

to benzene indicated Ly .

CaHz/02, ¢ = 2.0 C.H /02, ¢ = 1.8

Mass Species Structure . 1 ¢m 2 cm lc
19 Hs0"
39 C3H3+ ot * kX sk %
+
51 C.H;+ \/C=G-—CEC——
+ /
53 C.Hst >c=c—é=c\ * *
63 C,H,+ '_—"C-—(-:‘:—CEC— *k
65 C5H5+ —CEC——(}T——(lI-_—Ci * *
+
67 C.Hs0' \/c= =C=0
|
+ + l
75 CeH, ~C=C—C=C-C=C * ;
| | i
77 Celst —czc—c=5—c=c/\ * x
+ « + ! vy
79 CeH, C=C—C=C—LC=C *
4 N
\ I+
+ L/
89 C,Hs ~t=C—C= =c-—c\— * k&
91 C7H7+ @-d\+ K% * %k
95 CeH,0" &
P4 \+
103 Col,T
105 C,Hs0"

1 cm

| *

%%k

k&
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TABLE 1 (Continued)

CaH1/02, ¢ = 2.0 CyHe/Oz, ¢ = 1.8
Mass Species Structure 1 cem 2 cm 1 cam 2 cm

109  C,H,0" &c& - -
15 Co,t @-cac—c’g | .

[ ,
117 C.H," @-C:C—C\+ . ,

119 CeHii0' ~Oi-¢-c\+ o

129 CioHy' ms * x .
+
+ /+
131 CeH, . #C-C{ ; wax
7 ~

@aczc-czc-c&

139 CxxH1+

C+

163 CioH0' &@\ "
%

‘ - -~
145 C‘°H’°+ :& :é-é_c\ *k
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TABLE I (Continued)

C,

C,H3/02, ¢ = 2.0 C,He/Os, ¢ = 1.8
& Mass Species Structure lem  Zcm 1 cem 2 cm i
i {
157 Cl ‘“’0+ *_* * :
+
165 C,sH,s * Ak hdk *kk Ak
) + :
; 169  C;2R,0 k% f
179 C;AH; 1+ * * *
181 C; gH’0+ ﬂ *
)
+
191 C,sHyy *% * Rk *
203 CyeHy,T * x * x
§
i
205  CysHs0" ok '?
3
{

| 215 CisH, |+
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TABLE I (Continued) ig
!
i
{

Mass Species Structure 1 cm 2 cm 1l cm 2 cm g
]

l 4

217 C,eHo0" ; *

227 CieHiat g * * *

231 C,,H;.07 *

239  C,oH:,"t *k *

+
241  C,4HeO * el
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

FIGURE CAPTIONS
FLAME JON SAMPLING MASS SPECTROMETER
ION SPECTRA FOR ACETYLENE AND BENZENE FLAMES
Data taken 1 cm above burner correspond to "first peak" compositions
at 2.0 kPa. (a) acetylene/0a, ¢ = 2.0; (b) benzene/0., ¢ = 1.8.
ION PROFILES FOR ACETYLENE/OXYGEN NON-SOOTING FLAME
2.0 kPa, ¢ = 2,0, calculated adiabatic flame temperature,
T, = 2300 K.
ION PROFILES FOR BENZENE/OXYGEN NEARLY SOOTING I LAMES
2.0 kPa, ¢ = 1.8, calculated adiabatic flame temperature,
T, = 1900 K. o
EFFECT OF EQUIVALENCE RATIO ON > 300 amu ION PROFILES FOR
ACETYLENE/OXYGEN FLAMES
Ions 300 < amu < 1000, 2.0 kPa. Transition to sooting occurs
between ¢ = 2,5-2.75.
EFFECT OF EQUIVALENCE RATIO ON PEAK ION CURRENTS FOR
ACETYLENE/OXYGEN FLAMES
2.0 kPa.
EFFECT OF EQUIVALENCE RATIO ON PEAK ION CURRENTS FOR
BENZENE/OXYGEN FLAMES
2.0 kPa.
CONCENTRATION PROFILES FOR AN ACETYLENE/OXYGEN FLAME
2.7 kpa, ¢ = 3.5 (after Ref, 1); ions > 300, this work--use ion
current scale, all others use number density scale. ''Charged Soot"
particles from Prado and Howard'®; "Soot" from Wersborg, Yeung, and
Howard®® and Bonne, Homann, and Wagner’; "Precursors" and "C;.Hs",

typical of polycyclic aromatic hydrocarbon, from Homann and Wagner®.
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APPENDIX C

IONIC MECHANISMS OF SUOT NUCLLATION IN PREMIXED FLAMES

D.B. Olson and H,F. Calcote

AeroChem Research lLaboratories, Inc.
P.0. Box 12, PIrinceton, NJ 08540

ABSTRACT

Although numerous chemical mechanisms have teen postulated tor the forma-
tion of soot in hydrocarbon combustion, none wve received guantitative support.
Understanding of this process is complicated b the large number of specics

involved and by the phase change associated with nucle.tion,

An experimental program is underwav at AcroChem ro determine the role of
fonic processes in soot formation in premixed hvdrocarbon flames. The hypo-
thesis being tested is that ions produced via chemi-ionization serve as nuclcei
for initial formation of soot particles. Rapid lon-molecular kinetfcs, rapid
structural rearrangements, and thermochemistry favorable toward growth to larger
species are characteristics of the jon chemistry, in agreement with observations
about the soot formation process.

Mass spectrometric measurements of flame ion concentration profiles have
been made in low pressure rich and sooting acetylene/oxygen and benzene/oxygen
flames, As both flames are made increasingly tucl rich and approach sooting the
predominant ion C3Hs% is replaced by large positive aromatic jons with mass
greater than 300. It is argued that these ions are the scol procursors.,

Similarities and differences betweoen the ion spectra of vich and sooting

acetylene and lLenzene flames are discussced atony with posstble reasons for dual

maxima in fon concentration profiles observed in sooting flames. A detailed

chemical mechanism considering both nceutral ond ionte flame chemistry is being
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developed for which it is necessary to estimate the thermochemical parameters

!

for large ionic species. Preliminary results of computer simulations of the
chemical kinetics using this scheme are presented.  The resolts are consiotent

with an ionic mechanism of soot formation.

INTRODUCTION |

The mechanism of soot formation has been recognized for many years as an

e

extremely complex problem and the nucleation step--the transition from molecu-
lar species where chemical reactions dominate to incipient soot particles where
physical processes dominate~-has been recognized as the least understood step

in the process. Many diverse theories have been put forward to explain the ﬁ

nucleation step and all of them seem to have been refuted.’’? One of the
troublesome problems is that there may be many mechanisms operating simulta-
neously or that different mechanisms may dominate under different conditions.

® that the basic nucleation mechanism in most

We are exploring the hypothesis?®
systems involves growth through rapid ion-molecule reactions producing larger
and larger ions. The initial ion is assumed to be the chemi-ion C3Hs;¥ which
is observed in large concentrations in rich flames. Thus the energetics which
drive the process are originally derived from the nonequilibrium chemi-
ionization process. 1In the ionic hypothesis, the large ions are subsequently

neutralized by ion-electron and ion-ion recombination to become incipient

particles. As the neutral particles grow via coagulation and/or surface

growth to a critical size they are thermally ionized. Thus there are two
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stages of ionization, a situation which has led to some of the confusion in
interpreting previous experiments where it has not been clear whether the

chemi-ions or thermally ionized particles are being observed. In two recent

publications?’

we have compared the chemi-ionization soot nucleation mechanism




to the various neutral species mechanisms and shown the ionic mechanism to be

more consistent with observations. In this paper we present further evidonce
for the proposed ionic mechanism and examine some of its problems. These prob-
lems include the lack of a satisfactory pathway for the production of CiHat in

rich flames, the value of the absolute concentration of chemi-ions in sooting

flames, and the inadequately explained observation that, at equivalence ratios
near sooting, individual large ions show double-peaked profiles as a function
of distance through the flame.

Two basic non-ionic mechanisms are currently postulated. One involves
the growth of large polyacetylenes (or other unsaturated molecules) and subse-
quent ring formation to produce species with aromatic structures. These then
grow by addition of unsaturated groups to form larger and larger polycyclic
aromatic hydrocarbons, eventually to become soot particles. The other mecha-
nism, consistent with the observation that aromatics soot more readily than do

aliphatics, assumes the continual growth of larger and larger aromatic struc-~

tures by condensation of intact polycyclic aromatic hydrocarbons. There are
severe problems with either of these mechanisms. Carbon blacks and soot are
not large linear polyacetylene molecules but are multi-ring structures, so the
polyvacetylenes must in some way produce a ring structure. Any reaction scheme
one can envision for this process would be expected to be slow because of the
complicated rearrangement geometry involved. Furthermore, the concentration

of polyacetylenes remains large even downstream in the flame beyond the point
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where soot nucleation has ceased. If no other ingredient were required, the
number of particles would be expected to continue to increase as long as signi-
ficant concentrations of polyacetylenes were present. Polycyclic hydrocarbon
nucleating (condensation) mechanisms are similarly inconsistent because the
concentration of these molecules continues to increase in the flame front

beyond the point where soot nucleation ceases. Furthermore, thermodynamic
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considerations appear to limit the growth of larger and larger polycyclic
aromatic hydrocarbons in an intermediate size range.

Much of the evidence for an ionic nucleation mechanism is circumstantial,
and much of what has been interpreted as verification of ionic nucleation is
related to large charged particles. As we noted above these particles can
arise from thermal ionization and have nothing to do with the nucleation pro-
cess., The essential remaining evidence supporting an ionic nucleation mecha-
nism can be summarized?’® as:

1. A strong positive correlation is observed in premixed flames
between the growth of large ions and the appearance of soot.

2. Carbon tetrachloride (and other electrophilic molecules)
increase the concentration of large ions in diffusion flames
and the subsequent onset of soot formation.

3. Fuels which produce ions also produce soot, while fuels which
do not produce ions do not produce soot.

4. Reactions of O atoms with excess acetylene demonstrate very

and C H+ ions.

H+
2n 2n+l 2n 2n-1

5. Large concentrations of ions are also produced in pyrolysis

rapid ionic polymerization to form C

experiments.

6. The location of the molecular ion peak concentration in the
flame front corresponds to the maximum concentration of a
group of poorly characterized molecules previously identified
8s soot precursors.

7. The concentration of chemi-ions has been estimated® to be
large enough and at an appropriate location in the flame to

account for the rate and concentration of particles formed.




Add{tional thermodynamic and chemical kinetics arguments will be presented in

this paper.

FORMATION OF CHEMI-IONS

The ion concentrations observed in hydrocarbon tlames are far in excess of

what can be accounted for by thermal jonization. There is overwhelming evidence
that in lean and close-to-stoichiometric compositions this is due to the chemi-
ionization reactions first proposed“ by Calcote

CH + 0 » cHot + e (1)

The rate coefficient® for this reaction in the temperature range 2000 to 2400 K
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is about 2.3 x 107'® cm® s~'. The observed concentrations of CHO' are, however,
almost three orders of magnitude smaller than the maximum total ion concentra-
tion because of very rapid ion-molecule reactions, especially

cHot

+ H,0 > H0t + co (2)
The ions are removed mostly by dissociative recombination:
HsO' + e > H,0 + H (3)

The rate constant®’’ for this reaction is 2 x 1077 e¢m” s~! at 2000 K with a

temperature dependence of /2,

Many other superequilibrium concentrations of ions are observed®’’ due to
very rapid ion-molecule reactions with the neutral species present which are {n
local equilibrium with each other. The various ion concentrations all decay at
nearly the same rate, probably by reaction with O, OH, 0, or H,0 to form Hs0%
with a bimolecular rate coefficient'® of 4 x 10°'' cm® s”'. Some of these spe-

cles are displayed'® in Fig. 1. In lean flames the dominant ion is C H,0%

which is formed by
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CHot + CH,CO -+ C,H0* + co (4)




However, in even slightly rich flames (where the equivalence ratios, ¢,
are small compared to those at which soot is formed), the dominant ion is
CsHs*. Note tha. the maximum equivalence ratio shown in Fig., 1 is 1.3 and
soot formation begins at ¢ A 2.6 (see Iig. 2 for example). At concentrations
approaching those where soot is formed C,H,+ is still the dominant ion and
H,0% and C,H,0+ are no longer important. They have been replaced by non-
oxygen-containing ions like C5H3+ and larger ions containing only carbon and
hydrogen. 1In an ethylene/oxygen‘flame at 0.5 kPa Miller®® measured the CsH,"'
concentration at ¢ = 1,0, 1.3, and 1.5 to be about 1 x 10° ions cm™?; he
observed a slightly higher value at ¢ = 1.3 but within experimental error,
his observations are all equal.

In lean and stoichiometric flames the appearance of C,H3+ is generally

explained®’® by a series of reactions deriving from CHO'

cHo* + CH,0 - co + cusot S conyt o+ mlo (5)
ciot + c.0 - co + cmsot £z st 4 W0 + R (6)
cHot + C.H,0 -+ co + CaHsot &2 cmt o+ co+ H, 7
Reaction (7) probably goes through two steps:
C:Hs0Y + 0 » H,0+ couot S22 copt 4o @)

However, all of the above reactions require oxygen-containing species and it
seems unlikely that in very rich flames the concentration of oxygenated spe-
cies 1s sufficient to account for the large observed concentrations of CsHst.
One possible reaction route which does not require oxygenated species is
ciot + cH, > co + oyt S ot o+ H, (9)
Besides the CH/O reaction (1), other pathways to account for the large con-
centration of C3H3+ observed in flames have been proposed. The most commonly

quoted is'?:'?

CH® + CoHa =+ Ca-Hat + e~ 10




Efforts by several groups to find supporting evidence for the occurrence of
this reaction by correlating the concentrations of CH in the A°A or B?)
state with the rate of ion formation have been unsuccessful. Miller'®

thoroughly considered the mechanism of CsHat formation in C.H,/0, and C.H,/0;

flames and concluded that it is complex. He measured the dependence of the

C3H5+ on concentrations of C,H., or C,H; added to H,/0, flames and found a

a [C2H,)?>"® and a [C,H,]® dependence. Yet in both cases the CH* dependence
on the hydrocarbon concentration was 2. If Reaction (10) were the dominant

mechanism the order should be 3 in both cases (C,H; and C,H.,). It was

e oyt~

suggested'®*'* that proton transfer from some unidentified species to C3H.
might account for the formation of C,H,+ but insufficient data were available
to examine this hypothesis.
Evidence for other proposed independent sources!® of C3H,+, e.g.
C.* + CHs ~+ CaHst + e (11
is nonexistent.

On the basis of thermodynamics there are other conceivable chemi-ionization
reactions which can explain some of the large ions observed in the flame front
of fuels approaching sooting, e.g., 7

CigHio + CeH » CozHyat + e AH & ~30 keal mol™* (12)
While reactions of this type cannot be eliminated with available information it
seems unlikely that in such a large molecule all of the energy of reaction

should be concentrated in one electronic state.

For the purposes of developing an ionic mechanism of soot formation in

flames we accept the presence of large concentrations of C3H3+ as the initial

ion but recognize that its source has yet to be explained.




ABSOLUTE ION CONCENTRATIONS

To quantitatively evaluate our proposed mechanism of soot nucleation it ]
would indeed be desirable to know not only the absolute ion concentrations b !

but also the rates of formation of the chemi-ions which we propose initiate

the growth of soot nuclei, It is difficult to obtain absolute ion concentra-
tions with a mass spectrometer, especially over a mass range for which a good
calibration is impossible, as in the case of large positive ions in sooting
flames. Absolute measurements with electrostatic probes are also difficult
in the presence of a large range of ion masses.

Previously we have relied on the results of Howard and coworkers*®s?’
for establishing that the ion concentrations were sufficiently large to be
important in soot nucleation. Recent measurements, however, by Delfau et al.'®
and Homann!® disagree with the earlier results. It thus seems reasonable in
view of the importance of these results to review those measurements. We
chose four sets of data obtained in rich and socoting low pressure acetylene/
oxygen flames as close to the same experimental conditions as possible; they
are summarized in Table I.

Howard and associates used both an electrostatic probe'® and a molecular
beam sampling system'’ with a Faraday cage detector. Delfau et al.'® used an
electrostatic probe while Homann*”? used a molecular beam sampling system with
an ion collector immediately behind the flame sampling orifice with electro-
static grids to control the sampling process. First, the data have been
obtained over such a range of conditions that it is surprising that they agree
as well as they do; the highest ion concentration was measured by Howard et al.
and the lowest by Homann, both with molecular beam sampling. The difference

is about a factor of 40.
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The Prado and Howard electrostatic probe data were taken under the condi-~
tions we have previously chosen® for comparisons because of the availability
of data from various investigators at those conditions. It thus is instructive
to compare the conditions of this work and other data sets in the table to see
if the variations are reasonable, i.e., expected. The Delfau et al. ion concen-
tration result would be expected to be lower because of the diluent N, and
the lower equivalence ratio, whi;e the higher pressure and flow velocity would
increase the value. Wersborg et al.'s molecular beam data would be expected to
be higher because of the higher flow velocity but lower because of the lower
equivalence ratio. Homann's data would be expected to. be lower because of the
lower flow velocity and lower equivalence ratio. Finally, it is interesting
that from Wersborg et al. the effect of equivalence ratio is considerably greater
than in the data of Homann or Delfau et al.!

It is significant that the authors describe the quantity they are measuring
as quite different. For example, Prado and Howard describe their data as '"total
positive ions" but assume in the calculation that the measured value represents
4 nm diam charged particles, They present another set of data in the same paper
for charged particles which peaks at about 3 cm with a maximum value of about
4 x 10®° cm™®, rather close to the concentration of what Homann calls "positively

® peaking at 2.0 cm.

charged soot particles," 2.4 x 10° cm™
The very large difference between Homann's concentration value, Table I,
and the others is difficult to explain. Indeed, the greatest difference in ion
concentrations is between the two sets of molecular beam sampling data (Refs. 17
and 19). Homann's use of the equation for isentropic flow through the sampling

nozzle as the basis for absolute calculation of ion flux and neutral gas flux

may not, as he recognizes, be valid since ions are probably lost on every colli-

sion with the wall. Wersborg et al. similarly assumed isentropic nozzle flow
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and made absolute concentration measurements in the flame from measured molec-
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ular beam flux. Comparing Homann's data directly with that of Wersborg et al.

is somewhat uncertain because it is not clear that the same mass range was

being measured. Furthermore, the different measurement conditions (equivalence
ratio and flow velocity) would emphasize any other differences because of the
idiosyncrasies of individual burner systems; for example, increasing the flow
velocity caused the flame to move.closer to the burner rather than further away.
Thus, Homann found that increasing the unburned gas flow velocity by about
10 cm s ' decreased the observed peak concentration of charged soot particles
by a factor of 2 to 3. Wersborg et al. on the other hand observed a decrease
of a factor of about 100 for a similar change in flow velocity. Apparently
these workers sre not measuring the same quantities and in any case, given the
high sensitivity of their systems to various parameters, it is amazing that the
values in Table I are as close as they are. Incidentally a value of about 10'°
ion cm ® is all that seems to be required for ionic soot nucleation.

Probably none of the measurements in Table I are relevant to the question

of ionic nucleation. The proper question is whether there are sufficient small

chemi-ions such as C3H3+ to quantitatively account for the proposed mechanism,
To answer this question one must look at data such as presented in Fig. 2. The
instrument used in these experiments was not calibrated but the relative concen-
trations are approximately correct. A rough estimate of the calibration factor
using an assumed ion-electron recombination rate constant (that for H30+) and

the observed ion disappearance rate leads to peak ion concentrations of about

10*° cm™®.
However, there is another apparent difference between our work® and the

? which demands resolu-

work of Delfau et al.,'® Wersborg et al.,'’ and Homann'

tion. This is the change in total fon concentration with equivalence ratio

10
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near the critical equivalence ratio for soot formation. If the data reported
in Fig. 2 are taken by operating the mass spectrometer in a mode to observe
ions in two ranges, 13 to 300 amu and greater than 300 amu, the ion concentra-
tion in the range 13 to 300 falls sharply at the soot point (see Fig. 3) while
the concentration above 300 amu increases such that the total ion concentration
is essentially constant from ¢ = 1.7 to 3.0 with only a small increase between
the soot point and ¢ = 3.0. 1In contrast Delfau et al. observed more than a
factor of 10 decrease in maximum ifon concentration from ¢ = 1.7 to the soot
point and then an increase of more than a factor of 10 from the soot
point to ¢ = 3.0. Homann observed an increase from his soot puint to
¢ = 2.9 of a factor of about 25 and Wersborg et al. observed an increase of
about 25 from their soot point to ¢ = 3.0. We suspect that in all of the mea-
surements, including our own, the sensitivity of the measuring technique to
different ion masses has not been accurately accounted for.

Clearly there is need for some very careful measurements of ion concentra-
tions, especially individual species or groups of species, in rich and sooting
hydrocarbon flames. In the meantime the data in the literature are supportive,

although shaky, of an ionic mechanism of soot nucleation.

ION PROFILES

The low pressure flame apparatus and ion sampling quadrupole mass spectrom-
eter, shown in Fig. 4, have been described previously.a’20 Briefly, the flames
were stabilized on a 12 cm diam flat flame burner and were surrounded by a
fuel-rich annular shield flame 16 cm in diam to prevent air or combustion prod-
uct entrainment. The mass spectrometer samj |ing cone was constructed from 316
stainless steel with a 90° outer angle and a 0.25 mm orifice. The ion beam is
focused in the first stage (P « 30 mPa) using quadrupole lenses to minimize mass
discrimination onto a 1 mm diam aperture into the second pumping stage. The
custom-made quadrupole mass filter uses 2.5 cm diam rods and is characterized as

11
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a relatively low resolution, high transmission instrument, operating at 0.5 MHz
and covering the mass range 13 to 300 amu. A Bendix Model 306 magnetic elec-
tron multiplier is used off-axis as detectory its output is amplified by a
Keithley 602 electrometer and displayed on an X-Y recorder. Ion profiles
through the flame were obtained by moving the burnmer with respect to the mass
spectrometer sampling cone. Gases were controlled using critical flow orifices
while benzene was metered by a precision syringe pump. The liquid benzene was
sprayed into a low pressure flash evaporator and the vapor fed to the burner-
mixing chamber through heated lines.

Initial experiments were performed at 2.7 kPa with an unburned gas velocity
of 50 cm s”' at the burmer. Rather serious interactions of the flame with the
burner were reduced by lowering the total pressure. Unless otherwise noted
the work reported here corresponds to a pressure of 2.0 kPa and unburned gas
velocity of 50 cm s™*.

An example of the sensitivity of the system at 2.7 kPa to flow velocity
is shown in Fig. 5. The total small (< 300 amu) ion profile is observed to in-
crease In magnitude and move closer to the burner surface with increasing gas
velocity. This increase in maximum current is in contrast to results reported
by Homann and by Wersborg et al. who found the maxima to decrvase with increas-
ing flow velocity at 4.0 kPa and 2.7 kPa, respectively. These results emphasize
the care one must exercise in comparing data from different sources or taken
under different conditions. We selected experimental conditions under which
the results were less sensitive to flow velocity.

Detailed individual ion species profiles were measured for masses up to
300 amu at equivalence ratios above and below the critical equivalence ratio,
Oc’ for soot formation as determined by the appearance of the yellow-orange

continuum soot emission. 1In addition, the spectrometer was operated as a
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high-pass mass filter and profiles were recorded of ions with mass larger than
300 up to cutoff of the filter, estimated to be about mass 1000. 1Ion current
! data from high-pass operation of the filter are not directly comparable to
individual mass profiles because the throughput of the instrument is greater
when acting as a high-pass mass filter. Relative ion currents are reported
, instead of ion concentrations because of the difficulties in quantitatively
and reproducibly calibrating the instrument, although quantitative evaluation
of soot nucleation mechanisms will require knowledge about absolute levels of
ion concentrations in future experiments, and these are planned.

Data were taken by scanning the mass range at fixed distances from the

burner to establish which ions were present at high concentrations; individual
concentration profiles of selected species were then recorded by setting the

spectrometer to that mass and moving the burner. Figure 6 shows spectra taken

in nonsooting and sooting acetylene/oxygen flames at 1 cm distance in the blue-
green oxidation zone. The essential features of the spectra are the dominance
of mass 39, C3H3+, followed by a series of peaks spaced every 13 or 14 amu.

Only odd numbered ion masses are observed in contrast to neutral species sam- [

pled from similar flames’’ whose masses (number of hydrogens) are even. For
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most species the identity may be assigned with good confidence although the
assigned structures® are somewhat speculative. At lower masses more than one

i . isomer 1is observed, e.g., 63/65 amu, 89/91 amu. This latter pair is interest-
ing because mass 89 must be an open-chained isomer but 91 can be either open-
chained, a seven-membered ring, or a toluene-derived species. The most preva-
lent heavier species observed are masses 165 and 239 corresponding respectively
to relatively stable three and five ringed compounds. In these rich flames H,0t
is observed only at low concentrations. At ¢ = 2.75 the concentrations of the
masses shown in the figure have all dramatically fallen and have been replaced

by ions of larger mass.
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Figure 7 shows mass spectra taken at two different pusitions in a nearly
sooting benzene flame. In the oxidation zone at 1 ¢m from the burner unique
oxygenated ionic species are observed at masses 95, 109, 131, etc., whereas
mass 39, C3H3+, is essentially absent. At 2 cm the C3H3+ concentrat ion has grown
several orders of magnitude and the ions unique to benzene have disappeared.
These ions are identified as containing oxygen, and appear to be derived from
the neutral C¢HeO species previously observed in similar flames.2! Notable at
1l cm is the lack of species smaller than C¢ indicating little ring opening has
occurred in this region. The ion spectra in benzene flames beyond the flame
front are quite similar to those of acetylene flames with little or no informa-
tion about the parent fuel persisting. One speculates that it may be a general
rule that rich flames differ in the relative concentrations of ionic species
(as opposed to identities of ions present) downstream of the oxidation zone.
That is not to say that if fons nucleate soot that all flames would soot at the
same equivalence ratio since the chemistry of the oxidation zone may dominate
the process or the relative concentration of some ions may be more important
than others.

Figures 8 and 9 show profiles of selected ions in nonsooting, ¢ = 2.0, and
sooting, ¢ = 2.7, acetylene flames (¢c ~ 2.6)., 1In Fig. 8 each ion profile is
observed to rise rapidly at the beginning of the flame front, at 0.6 cm. The
concentrations peak and slowly decay due mainly to ion-electron recombination
beyond ¥ 2 cm where oxidation is no longer occurring.

Also shown in these figures is the signal obtained using high-pass opera-
tion of the mass spectrometer, attributed to ions larger than 300 amu up to
about 1000 amu (labeled ions > 300). In the nonsooting flame, Fig. 8, this pro-
file peaks rapidly and disappears by 2 cm downstream. In the sooting flame,

Fig. 9, somewhat different ion profiles are observed. The initial flame front
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maxima are followed by second larger, broad peaks, at about 2-4 c¢m. Although 5
C,H3+ is still the dominant small ion, the heavier species (> 300 amu) are
much higher in relative concentrations. Note that the C,3H9+ first

peak is larger than the C3H3+ tirst peak. The ions > 300 are ten times higher
in concentration than at ¢ = 2.0. To further illustrate the behavior of these |
larger ions, Fig. 10 shows their profiles in several flawmes. The dramatic
increase in large ion concentration at the expense of smaller ions is the most
significant change that occurs in the mass spectra as the flames are made
increasingly richer and finally produce soot. A hundredfold greater peak concen-
tration for the large ions is obtained in a ¢ = 3.0 flame compared to the ¢ = 1.75
flame, accompanied by a corresponding decrease in total concentration of small
ions (determined separately using bandpass operation of the mass spectrometer,
13-300 amu). The total ion concentration remains nearly constant (within a

factor of two--the precision of the measurements) over the wide range of equiva-
lence ratios investigated, see Fig. 3. Figure 10 also demonstrates the decay of

the first ion peak and the growth of the second ion peak as soot is produced.

SECOND ION PEAKS

Comparing the ion profiles from a nonsooting acetylcne flame, Fig. 8, with
a sooting flame, Fig. 9, the appearance of the second broad maxima is puzzling.
Benzene flames have the same behavior, as shown in Fig. 11. The ions observed
in the second peak are the same as those observed in the first (flame front) peak,

although relative levels of different species change. Double peaks are observed
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in profiles of a single species. Delfau et al.'® have observed dual maxima in
electrostatic probe measurements in low pressure flames, but only present data
where the identity of the ions in the two peaks may be different. Neutral

beam sampling from benzene flames does not show dual peaked behavior.?' oOn the

other hand, Homann'® performed ion beam sampling from C,H./0, flames in a
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simple mass discriminator and found a strong increase in ionization at the
beginning of the sooting zone (a second peak).

The source of this second peak is not c¢lcear, 1t cannot be due to the
primary chemi-ionization reaction of CH + O since the O-atom and CH concentra-
tion are very small beyond the flame front. Other proposed chemi-ionization
steps such as cH* + C,H, would also have peaked in the primary reaction zone.
Thermal ionization of soot particles probably occurs when the particles become
large enough to be characterized by ionization potentials near that of graphite,
Calcote? used experimentally observed particle size distributions, temperature
profiles, and estimated ionization potential vs. particle size variations to
calculate charged particle concentrations in sooting low pressure acetylene
flames. The agreement with observed values was excellent. This means that the
molecular-sized ions which we are observing are not necessary to explain charged
soot particles. However, it does not explain the source of the second peak for
small ions.

A difficult question arises of whether these results could be due to
experimental problems in sampling. Several different burners were used in con-
junction with several different sampling cones and over a range of pressures.
Specific details could be changed some, but not the general character of the
results. The dual peaked behavior persisted under all conditions and we think
the results are valid. Other laboratories®? have found dual peaked behavior
which they believe to be false. The question is not settled at this point and
further experimental work will be necessary to resolve the issue.

The second peak arises further downstream than the leaner mixture first
peak and includes the same ion species as the first peak. It is not just a
shift in location. The total number of charged species 1s not significantly
larger when the second peak appears; it may increase slightly. The data are not
that definitive because of an unknown variation in mass spectrometer throughput

with mass. Flames with dual maxima are al\ iys sooting or near sooting. Charge
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transfer from a small thermally ionized charged particle, P*¥, to a molecular or

radical species, M

P* + M = M + P
is unlikely since the ionization potential of the molecule is higher than that
of the particle. Also, the ions contain an odd number of hydrogens and the
neutral species observed contain an even number of hydrogens. Alternatively the
process
it + M = m' + P
will proceed in the direction such that the proton will end up on the species
which has the highest proton affinity (PA). For hydrocarbon molecules the PA
generally increases with size. Also the PA of molecules in a homologous series
is inversely related to the ionization potentials of the members’’ so this would
also indicate that large molecules (or particles) would have high PAs and there-
fore scavenge charge from molecular-sized ions rather than create them.

Condensation reactions of the type
M, + M, = M,

produce M3 molecules with large excess internal c¢nergies. The M; species may
dissociate if the collision rate is insufficient for it to be stabilized. We
here point out that such condensation processes involving large molecules (parti-
cles 7) release sufficient energy in some cases for ionization to occur. The
reaction

CisHio + CeH = CazHia® + e AH % =30 kcal mol~! (12)

is a (merely illustrative) example.

The sudden appearance and disappearance of "ions > 300" in the flame front,
e.g., Fig. 8, followed by ions of lower mass, which must be intermediates in
forming "ions > 300," appears to be incongruous. The formation of these large

ions so early in the flame front implies extremely rapid ion-molecule reactions--
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a basic tenet of our argument. The initially produced small ions rapidly pro-

duce larger ions before they can be detected. This also occurs in lean flames

where the chemi-ion CHO' is not the first or most dominant ions observed.’ The

rapid decay of these large ions, presumably due to ion-electron recombination

or oxidation--leaving a smaller ion--and the persistence of smaller ions, can

be interpreted as a decrease in the availability of building blocks necessary

for sustaining the > 300 ions downstream. The smaller ions can continue to be

formed from C,H,+. More quantitative data will be required to test this

interpretation.

THERMODYNAMIC ARGUMENTS

23

Tanzawa and Gardiner’“’ studied the pyrolysis of acetylene and were able

to develop a kinetic mechanism capable of explaining their data and all previous

As a minor part of this work they examined

shock tube data from 600 to 3400 K.

They

vwhich species were likely to play an important role in soot formationm.

concluded thermodynamically that large ChH. and C,H species would never reach

high enough concentrations to form soot at the observed rate. A kinetic system

of faster reactions and involving species of greater stability at high tempera-

ture was required.

Stein?® investigated the high temperature equilibrium of selected polycyclic

aromatic hydrocarbons (PCAH) with acetylene and hydrogen using the group additivity

7

techniques developed by Benson and coworkers®’ to obtain thermochemical param-

eters. He found that above 1700 K, for a series of PCAH the equilibrium concen-

trations pass through a minimum dependent upon the temperature and concentration

of CaH; and H,. Essentially a benzene condensation mechanism forming large

cyclic molecules was studied and some characteristics of a nucleation process

found. The molecules for which lowest concentrations were predicted could act




as critical species and be involved in the rate limiting reaction. The identity
of these critical species is dependent upon specific conditions, but they were
found to be approximately in the 20 to 50 carbon range.

Thermodynamic arguments are very useflul, but it is likely that the dynamics
of intact benzene ring condensation are too slow for this simple picture to be

very realistic. The crucial question is how to obtair molecular species, almost

certainly PCAHs, larger than some critical size on a very short time scale. We
think this is the essence of the nucleation problem of socot formation and that
these molecules may grow as ions and be neutralized after they have passed the

critical size. Beyond that point they would continue to grow into particles.

It is informative to look at the thermodynamics of the ionic species ob-
served in rich and sooting flames. These data are also required for kinetic
modeling of the process. We find, however, that experimental data are not avail-
able for many of these low H/C ratio species. Most ionic hydrocarbon thermo-
dynamic information has been obtained by electron impact at room temperature SO
that flame ion species are relatively uncharacterized. For example, a recent
comprehensive source of thermodynamic data®® on gaseous lons lists 22 odd and
61 even mass species between C,, and C;, which have been studied. Flame ions
are all odd mass species. Since tabulated thermodynamic data are not available
for many ionic species observed in our rich flames, we have used the group
additivity technique to calculate these data for some of the species experi-
mentally observed and proposed to be important in soot formation. Properties
of the relevant neutral molecules were calculated as functions of temperature
and the ionization potential (IP) used to calculate the AHg of the ionic species.
To estimate the IP of molecules for which experimental values are not available
we examined the available data®® for trends and used a smooth curve through the
experimental results to estimate (4 50 kJ mol™') needed values. There are prob-

ably much better methods to estimate these data. Even so, the major uncertainty
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in estimating heats of formation f{s not the technique bhut the choice of iso~
mers at a particular mass. Even though ions ar¢ known to rearrange very rapidly

23,29,3% (an advantage of the ionic mechanism over neu-

to more stable structures
tral mechanisms), we do not know where kinetic constraints will be present so
that the observed ion is a less stable isomer.

Figure 12 shows estimated heats of formation (298 K) for hydrocarben ions
between C, and C,s along with selected neutral species. The data are plotted
vs. carbon number where linearly increasing trends in the AH¢ of Can vs., X
indicate that group additivity is followed. Data for CnHz, CnH’ and PCAH neu-
trals are also shown. The curve for the largest ionms, Cnﬂlz+, is seen to be
approximately parallel to that for PCAH neutrals and separated by 550-650 kJ
mol~! (6 to 7 eV), a reasonable ionization potential for such molecules. One
sees that thermodynamically you cannot create larger and larger molecules (or
ions) with the same number of hydrogens (such as increasingly larger polyacety-
lenes); the lines are simply too steep. On the other hand, for the proposed
ionic mechanism the major species would move across this figure at about the
same level of heat of formation, % about 100 kJ mol™'. Clearly more careful
thermodynamic considerations are warranted using better data (estimated or

measured) and free energy rather than heat of formation and including other

reactants and products,

KINETIC ARGUMENTS

A chemical kinetic mechanism for soot formation is necessarily very compli-
cated since many species are involved and the physical change from gaseous to
condensed matter requires many steps. Nucleation phenomena in general are
only poorly understood. Our basic hypothesis is that, in parallel to a

neutral-radical chain reaction mechanism of C,H; pyrolysis and combustion,
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there exists an ion-molecule mechanism which very rapidly produces large
aromatic ions and by fon recombination larpe aromatic molecules (incipient
soot particles) which then grow further by neutral and/or ion-molecule sur~

face growth and coagulation. The objective is to develop a mechanism of

"getting over the hump' to these large molecules; this is the nucleation

process.

A series of ion molecule reactions is shown in Table II which compriscs a

merg.

subset of an overall mechanism considering only gaseous species. The primary

ions are assumed to be produced by the usual flame chemi-ionization reactions

although (cf. Section 2) these are not well established under fuel rich condi-
tions. Whatever the actual chemi-ionization reaction, w¢ assume C3H3+ to be ?
produced and propose the ion-molecule sequence for growth to large PCAH ions.

Most of the growth flux is probably due to reaction of ionic species with C.H,

-

and C,H,, although C.H, C,H, and CsH, may be present in large enough concentra-

tions to contribute under some conditions.

A i g

In order to test such a mechanism we have performed preliminary computer
simulations of an acetylene Joxygen system. The objective was not realistic ‘ N
modeling of a flame but simply to see if this kinetic scheme would show rapid
growth of large ions, up to about Cio. Particles have not been considered up
to now.

Briefly the computations were done using a computer program simulating an
adiabatic one-dimensional flow tube. Thermodynamic parameters for neutral

species were obtained from the JANAF tables”' or other published data,?? whereas f

ionic species data were estimated as discussed above (using experimental data
where available). The calculation was initiated at 1100 K with a C,H2/02/N,
mixture at 2.7 kPa containing small amounts of CO, H,, and H atoms. About 65

reactions of 35 species were considered. This mixture was calculated to ignite
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after 20 ms (1 cm distance at 50 cm s-‘)* reaching a maximum temperature of
2200 K. The equivalence ratio of the initial mixture was 3.5.
The neutral portion of the reaction mechanism consists basically of an

acetylene pyrolysis scheme °“ combined with an acetylene oxidation scheme.

Thirty ion molecule reactions were added to test whether species up to C,,H;;+
could be produced. Only the CH*/C,H, chemi-ionization reaction was used. All
fon-molecule reactions were arbitrarily given the same rate constant, k =
2 x 107! cm® 577, |

A discussion of the results of these calculations should be prefaced by
a clear statement that (1) we do not intend that this is a computationally
accurate description of a flame, (2) the combustion mechanism is not complete

and was not checked against any data, and (3) the ionic mechanism is only a

part of what would be required to describe ion chemistry under these conditions.

What we did want to test was whether, given a mechanism such as in lable Il with

reasonable rate constants, large ions would grow to high enough concentrations

and rapidly enough to support our hypothesis. If so, calculations similar to

these may help to analyze the complex processes going on in a sooting flame.
Results of a typical simulation run are shown in Fig. 13 for selected

neutral and ionic species concentrations and the temperature. The total ion

concentration peaks at about 1.8 cm at a value of 4 x 10° cm™?

with most species
rapidly disappearing after the flame zone and C,H.% persisting and only slowly
decaying. The neutral species profiles are reasonable for a nonsooting flame

with large concentrations of polyacetylenes calculated. Except for the C H,t

* Diffusion of radical species from the flame zone toward the burner into the
unburned gases 1s, of course, important in ignition processes. Realistic
simulations of flame structure must consider mass and thermal diffusion. Our

simplified calculation does, however, serve to investigate chemical processes

on a semiquantitative basis.
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profile, the ionic profiles are very similar to those observed experimentally

in rich nonsooting acetylene flames with heavy specles rapidly peaking and

CJH,+ persisting. Although we have only limited data on absolute¢ concentrations
of these species, the calculated values are close to experimental results. All

of the ions are produced via the CH"/C,H, reaction (with CH" from C,H + 0 =

=7

CH* + CO) with other possible sources fgnored.  The fon concentrations may
therefore be artificially low. These results . learlyv point out a mistake that
is often made deducing mechanistic information from relative positins of peak

concentrations or even relative concentrations. Thi: mechanism produces C,H,T

N R AN R

as the only primary ion, yet the concentration of this ion is not alwavs the
highest even early in the reaction and in particular its profile Joes not peak
prior to other species. In a complex reacting system the ranking of species
profile peaks may bear little or no relationship to the sequence in which they
are produced.

The C,H," concentration shown in Fig. 13 is much larger than observed in :
experiments mainly due to a low heat of formation attributed to this ion ‘
(assumed to be benzyl, AH = 910 kJ mol™'). This unusually stable ion there-
fore forms a sink in the ion-molecule sequence and its concentration reaches a
large value. Since high concentrations of this ion are not obscrved we conclude

that the actual ion is not benzyl but some less stable isomer. The calculated

results were found to be very sensitive to assumed thermodynamic properties of 4
the more stable species leading us to the prodiction that il there is a laruve

ion of very high stability its concentration could quicklv becore targe. !

its stability is verv large compared to the nest specics in che aroawthc sequence

this would act as a terminating poict in the prowth scequence.  Apain the impm—.

tance of the thermodynamics of large ions to the arguments of the proposed

ionic mechanism is emphasized. Further work will be necessary to test tlese

ideas.
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CONCLUSIONS

The data obtained in this study are consistent with a mechanizn for soot
formation in which chemi-ions are the precursors of soot in spite of several

unexplained observations mentioned above. We find large ions formed early in

nonsooting flames and see their concentrations fall very rapidly beyond the flame

zone. In sooting and nearly sooting flames the concentration of this group of
ions builds several orders of magnitude higher and remains high throughout the
flame. The abrupt shift from C3H3+ as the major charged species to large
ions predominating is the main feature that changes in going from nonsooting to
sooting flames. In sooting flames an unexplained second source of molecular
ions increases the total ion concentration beyond the flame zone and gives dual

peaked concentration profiles.

Thermodynamic properties of low H/C ratio hydrocarbon ions have been
estimated to allow preliminary testing of the thermodynamics and kinetics of
the proposed ionic mechanism of soot formation. Kinetic modeling shows that
sufficient concentrations of multi-ring aromatic ions can be produced rapidly.
Further work will consider particle formation and growth.

We conclude thét the ionic mechanism of soot formation warrants further

study.
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TABIE 1!

Proposcd ton-Molecale Nochanis s

. CH + O = CHOY + o~
{
CH® + CaH, = C,HaT + e |
C. + CHy = CyH,t + o~
C,H,+ + e = neutral products
CaH, = CsHs*
CoHat + [ C.Ha = CsHat + CoH,
C.H: = CHsT
C,H, = C,Hs'
CsHet  + {j C.Ha = CyHsT + CoH,
C.Hz = CoHs™t
CH, = (it
CsHs'  + {: CuHa = C.Ho ' + CLH,
C,H, = ¢t
(.H. = Cyigp’
c st o+ { CeHa = Colst 4 CLl
L Culy = Cyally”
© CaHy = Cohet 1
cH,t o+ {0 ClHe = GoHT o+ Con,
L C.H: = CiiHe'
CoH; = CyHe"
CoH,' + Culz = CuaH,T + CoMy ‘
C.Hy = C13H9+ :
etc. :
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FIGURE CAPTIONS

EFFECT OF FLAME COMPOSITION ON PFAK ION CURRENTS rFOK 0.5 kPa
ACETYLENE/OXYGEN FLAMES. (From Ref. 11)

EFFECT OF EQUIVALENCE RATIO ON PEAK 1ON CURRENTS FOR 2.0 kPa
ACETYLENE/OXYGEN FLAMES. The shaded area indicates the minimum

equivalence ratio for soot formation.

EFFECT OF EQUIVALENCE RATIO ON TOTAL I[ON CURRENTS DIVIDED INTO
TWO BROAD MASS CLASSES FOR 2.0 kPa ACETYLENE/OXYGEN FLAMES.
The shaded area indicates the minimum equivalence ratio for

soot formation.
FLAME ION SAMPLING MASS SPECTROMETER.

EFFECT OF UNBURNED GAS VELOCITY, cm s™*, ON TOTAL SMALL ION
PROFILE FOR 2.7 kPa ACETYLENE/ OXYGEN FLAMES.

ION MASS SPECTRA TAKEN 1.0 cm FROM THE BURNER SURFACE FOR A
NONSOOTING AND A SOOTING 2.0 kPa ACETYLENE/OXYGEN FLAME.¢C = 2.6.

ION MASS SPECTRA TAKEN AT 1.0 cm AND 2.0 cm FROM THE BURNER SURFACE
FOR A NEARLY SOOTING 2.0 kPa BENZENE/OXYGEN FLAME. o = 1.85.

ION PROFILES FOR A 2.0 kPa NONSOOTING, %= 2.0, ACETYLENE/
OXYGEN FLAME. Calculated adiabatic flame temperature is 2300 K.

ION PROFILES FOR A 2.0 kPa SOOTING, ¢ = 2.7, ACETYLENE /OXYGEN
FLAME. Calculated adiabatic flame temperature is 2170 K.

EFFECT OF EQUIVALENCE RATIO ON LARGE ION PROFILES IN SI1X 2.0
kPa ACETYLENE/OXYGEN FLAMES. Transition to socoting occurs
between ¢ = 2.5 to 2.75.

ION PROFILES FOR A 2.0 kPa NEARLY SOOTING, ¢ = 1.8, BENZENE/
OXYGEN FLAME. Calculated adiabatic flame temperature is 1900 K.

HEAT OF FORMATION TRENDS FOR CxHy+ FAMILIES WHERE THE NUMBER
OF HYDROGENS, y, IS INDICATED FOR EACH LINE. Also shown are
C nH‘ Cnﬂa, and PCAH neutral species trends. Uniquely stable

ions differ somewhat from these lines.

CALCULATED CONCENTRATION PROFILES FOR A 2.7 kPa ACETYLENE/
OXYGEN /NITROGEN FLAME. The simulation is initialized at 1100 K

and considers 65 reactions of 35 specles. All ion-molecule

reactions are given a k = 2 x 10~'* ecm® s”'. No condensed phase
is considered.
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TP-406t APPENDIX D

Effect of Molccular Structure on

Incipient Soot Formation
H.F. CALCOTE and D.M, MANOS*

AeroChem Research lLaboratories, Inc.

P.0. Box 12, Princeton, New .Jersey 08540
ABSTRACT

By defining a rational threshold soot index, TSI, varying from
0 to 100 to measure the onset of soot formation in both premixed and
diffusion flames, it is shown that all of the data in the literature
on premixed and diffusjon flames, taken by many techniques, are con-
sistent with respect to molecular structure for the two types of
flames. There is a closer similarity between the effect of molecular
structure on soot formation in premixed and diffusion flames than pre-
viously thought., The use of TSI permits one to use all of the litera-
ture data to interpret molecular structure effects an! thus arrive at
rules for predicting the effect of molecular structure for compounds
which have not yet been measured or to couvert the results from one
experimental system to another. If a correlatfon can be demonstrated
between the effect of molecular structure on soot formation in the
laboratory aud in practical systems, the 1SI's will be important to
the synfuels program in defining the desired fuels to be prepared

from a given fued stock.

* present address: Plasma Physics Laboratory, Princeton University,
Princeton, NJ.

g Prepared for submission to Combust. Flame.




INTRODUCTION

As synfuels play a greater role {n mecting luture energy demands, a better
understanding of the factors governing their propensity to form soot is required.
Quantitative prediction of the soot forming characteristics of new fuels can
best be achieved from an understanding of the quantitative behavior of their
individual hydrocarbon constituents.

There are two distinct facets to the consideration of the effects of fuel
molecular structure on sooting. First, as a gilven premixed fuel/oxidant combina-
tion is made fuel rich (or as the primary aeration of a diffusion flame is
decreased), a rather sharp onset of sooting is observed. This facet of the
tendency to soot is important in practical applications wherc the total absence
of sooting is desirable. The second facet is that further increasing the fuel
concentration beyond the point of soot onset causes increasingly greater quanti-
ties of soot to form at a rate which depends on fuel structure. In this paper
we concentrate on the specification of the omnset of soot formation. Data from
a variety of measurements made in both premixed and diffusion flames have been
gathered from the literature and correlated on this aspect of sooting. The
objective was to determine the degree of consistency, or inconsistency, of the
data in the literature on the effect of molecular structure on soot formation
in both premixed and diffusion flames, and the relationship, if any, between
the two types of flames. Assuming a consistency is established for the data,
then the objective would be to deduce an empirical description of how molecular
structure controls the onset of soot. Other people have considered the effect
of molecular structure on soot formation but have limited themscelves to data
collected in a single type of apparatus where¢ they have been limited by the

number of compounds studied. These studies usually conclude that certain

trends in the effect of molecular structure agree with results of previous
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work, although significant differences in the actual numerical values occur be-
tween different studies. 1In this study we have made such comparisons quantita-
tive so that separately obtained sets of data can be compared directly and so
that all of the available data can be used to deduce molecular structure
effects,

We define a "threshold soot 1ndex" (TSI) which ranks the fuels from 0 to
100, (0 = least sooty), independent of the particular experimental apparatus in
which the data were obtained. A quantitative value for each molecule is thus

obtained so that different molecules studied by different investigators (using

different experimental apparatus) can be considered in elucidating the effect
of molecular structure on soot formation. One of the first objec-

tives will be to demonstrate the validity of the assumption of consistency
underlying this statement.

This kind of information should be of great value in attempts to under-
stand the relationship between laboratory data and engine data. Such correla-
tions, if they could be demonstrated, would reduce the number of engine tests
required to establish the effect of molecular structure on engine performance.
The real impact should be on the synfuels engineer in determining the type of
molecules to strive for in the refining processes. The situation is analogous
to the empirical understanding of the relationship between octane or cetane number
and molecular structure and the objectives of petroleum engineers in structur-

ing the products of petroleum refineries.

SOURCES OF DATA
The data on incipilent soot formation are divided into two categories: pre-
mixed flames and diffusion flames. Data on premixed flames were taken from

Street and Thomas [1], Wright {2], Calcote and Miller [3], Grumer, Harris and

Rowe [4], and Blazowski [5). Data on diffusion flames came from the work of




Minchin [6]), Clarke, Hunter, and Garner {7], Hunt [8), Schalla and McDonald [9],
Van Treuren [10], and Schug, Manheimer-Timnat, Yaccarino, and Glassman [11].

In addition to measurements on pure hydrocarbons, some of these workers studied
fuels consisting of mixtures of hydrocarbons and organic compounds containing
heteroatoms (0, N, S, Cl, etc.). Only the reported data on unblended hydro-

carbons, CpHm, are considered here.

The most extensive data set from premixed flames is that of Street and
Thomas [1]. These authors used an apparatus in which a flow of fuel was mixed
with air to form either a vapor mixture or fuel mist, according to the com-
pound’'s vapor pressure. These mixtures were then burned in a shielded flame
and the ratio of fuel/air was increased until a yellow tip was first observed.
This critical composition was reported. Grumer et al. [4] burned only premixed
fuel vapors, reporting fuel-~air composition at the yellow-tip limit. Similar
measurements on completely vaporized fuels were made by Calcote and Miller [3]
with a shielded flame burner. They demonstrated a sensitivity of their results
to the unburned mixture flow velocity, although at higher velocity their results
were independent of velocity. Wright [2]} used a heavily backmixed, jet~stirred
combustor from which he reported the critical fuel/air ratio which caused the
first visible appearance of soot on a probe filter placed in the reactor outlet.
This reactor-allowed richer mixtures to burn without sooting; a number of com-
pounds found to soot in other premixed flame studies reached their rich blow-off
1imit without sooting in this apparatus. Additional studies from the same
apparatus have been reported recently by Blazowski {5].

For diffusion flames Minchin [6] made measurements of the (now standard)
smoke point employing a wick style burner in which the fuel flow was increased

until soot was observed to be liberated from the tip of the flame. The flow




was decreased just enough to suppress the liberation of soot and the height of
the flame, referred to as the 'smoke point", was recorded. Hunt [8)] performed
the same type of measurement on a very large number of pure compounds, using

a burner of different dimensions. Clarke and coworkers [7] also measured ‘
flame heights, as described above; however, they burned the liquids as pools !
in a funnel-shaped burner, rather than on wicks. By elevating the level of the J
liquid in such a funnel the area of the pool 1is increased and more fuel is

vaporized into the flame. The physical characteristics of a duplicate of this 1
burner were studied by Van Treuren [10] who reported excellent agreement with

the values of Clarke et al. Van Treuren showed that the actual numerical 4

results of such measurements depend strongly on the burner temperature and
burner and chimney dimensions. Schalla and McDonald [9] used three different
burners, one for gases and two for liquids. Liquids were burned either in a
wick style lamp or in a burner with prevaporization. Rather than recording
the flame height, Schalla and McDonald recorded the volume rate of fuel flow
(em?®(STP)s™ ') at the point where further increases in fuel flow caused the
onset of soot. Glassman and associates [11] used an apparatus similar to
that described by Schalla and Hubbard [12] consisting of a 1 cm 1.d. central
fuel jet and a 10 cm concentric confining tube through which the flow of air
was regulated. Both sooting heights and the critical flow velocity were
measured.

Because of the various experimental differences between these studies, a

-
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direct comparison of the quantitative results is not possible without further

St

processing the data. We will now show how the data were treated to condense
all premixed flame data and all diffusion flame data into two internally ;

consistent data sets.




DEFINITIONS AND METHOD OF TREATING DATA

In this section we define a threshold soot index, TSI, which is derivable
from measured quantities of both premixed and diffusion flames. This allows
one to consider all of the data available in these categories and to quantita-
tively compare TSI for different types of molecules. Qualitative comparisons
of this sort, though common [13,14], can be grossly misleading.

It is generally recognized that substances with lower smoke points are in
some sense "sootier" than those with higher smoke points. Minchin defined a
parameter called "tendency to smoke' as a constant divided by the smoke point.
This definition has been accepted since his 1931 paper. Similarly, it has
been recognized that in premixed flames the lower the carbon to oxygen ratio,
€C/0, or the lower the critical equivalence ratio,?® ¢c, the greater the tendency
of the fuel to soot.

In defining TSI it is desirable to define a parameter which reflects the
correlation of incipient sooting with molecular structure, i.e., the oxidative
chemistry of the fuel, and does not reflect differences in transport properties
due to the nature of the measurement apparatus or the quantity of oxygen which
must diffuse into the flame front (in the case of diffusion flames).

For a premixed flame, consider two hypothetical hydrocarbon fuels of very
different molecular weights or C/H ratios both of which liberate soot when
burned in a premixed flame with a stoichiometric amount of oxidizer. It is
clear that a definition of TSI as

TSI = a—b¢, (1)

1 ¢C is defined as the minimum equivalence ratio, ¢, for sooting where $ =

(fuel flow/oxidizer flow)/(fuel flow/oxidizer flow) e pichiometric:




with a and b constants for a given set o’ data will yield the same value for
both of these hypothetical compounds. The use of C/0 does not do this. We
therefore adopt the definition of Eq. (1) in this work.

Minchin's definition of tendency to soot for diffusion flames as inversely
proportional to the height of the flame which would just soot, contains an
inherent flaw; it does not account for the increased height of the flame which
would be required with increasing fuel molecular weights. An increase in
molecular weight requires more oxygen to diffuse into the flame to consume a
unit volume of the fuel. This can be accounted for by defining the threshold

soot index for diffusion flames as:

TSI = a(ﬂ:-) + b (2)

where a and b are constants for any given experimental setup and h is the
critical height of the flame for which soot is observed. A better approxima-
tion would be to employ the moles of air required for the combustion of one
mole of fuel instead of M.W. The accuracy of the data and the arbitrariness
of defining the products of combustion are such that the convenience of using
the molecular weight 1s acceptable.

The critical volumetric flow velocity, V, is also used as a measure of
the tendency to soot in diffusion flames. According to the Burke and

Schuman theory of diffusion flames [15]

h = —' 3

where Cf is the concentration of fuel and D is an average diffusion coeffi-

client of the system. This equation predicts a linear correlation between

the height of a diffusion flame and the volumetric flow rate. This has been

confirmed recently by Glassman and associates [11]. Thus we can also define

-
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for a diffusion flame

TSI = a(%‘!) + b (4)

where V is the critical volumetr.c flow rate for production of soot as used by
Schalla and McDonald.
To compare the various data sets we adjust the arbitrary proportionality

constants, a and b, in Eqs. (1), (2), and (4) for each data set to minimize

the error between the values of TSI for compounds which are common to more than
one set of data. The resulting merged set of TSI values, spanning the range

of hydrocarbons measured by all experimenters, is then linearly scaled so that 4

the compounds have 0 < TSI < 100. The calculation was done by picking the two

L itriey ve e wmmena

compounds from the largest data set with the highest and the lowest MW/h (for
diffusion flames) and solving Eq. (4) for a and b denoted as a, and b,. With
these constants the TSI was calculated for each of the compounds in data set 1.

} For a second data set, two compounds Qere selected which were in common with

the first data set and by assigning them the same TSI values as for the first data

sot, a3 and bj of Eq. (4) were derived and used to calculate a TSIY value for each

member of data set 2. Next a least-squares linear correlation of the two sets
of data for TSI; and TSI? was made using the above derived constants for each
f set. This yielded m and C in the equation correlating the two sets of data

TSI, = m TSI; + C (5)
The two sets of data can now be considered to have been merged so that TSI, =
TSI,. Thus the TSI for the second set of data on the same scale as data set 1 is

calculated by substituting TSI in the form of Eq. (4) in Eq. (5), vielding:

TSI, = TS81, = mag(x-) + mbg + C (6)

where a; = ma3, b, = mbj + C in Eq. (4) for data set 2. With the values of as




and by the TSI values were calculated by Eq. (4) for all of the data in the

second set. This process was repeated for each data set, yielding constants
which minimize the differences between the various sets of data. For those 1
compounds which occurred in more than one data set, the TSI's were averaged

to give a mean value. Then to fix the TSI scale range from 0 to 100 the TSI

of the lowest value in the total of all the data sets was set equal to 0 and
the highest value equal to 100 [TSI (ethane) = 0, TSI (naphthalene) = 100];
the original values had deviated from these values in the averaging process.

This linear adjustment of the TSIo-i100 was accomplished as follows:

TSIo—100 = (TSI - X) (?lQQi) )
where: TSI = TSI value being corrected
X = TSI of ethane on old scale
Y = TSI of naphthalene on old scale

The constants a and b reported in Table 1 are thus given by combining Eqs. (7)

and (4).

TSTo-100 = ooy (ax (3‘5‘1’-) + by - x) (8)

_{ 100 100 _
or a —(Y_X)a, b - Y"X (bx )

This process can clearly be iterated for any new data set, adjusting the total
scale, or the new data set may be fit into the total data base by calculation
of a and b for the new data through the least-squares linear correlation.
The data for premixed flames can be treated similarly. -«
The constants, a and b, for each data set are given in Table 1. These
allow translation of the TSI for any fuel to the conditions of a particular

experiment, even though that substance may not have been investigated under

those conditions.




The consistency of the resulting data sets shown in Tables 2 and 3 may
be judged by comparing the deviatlons in values for those compounds common to
two or more data sets, In spite of the very different nature of premixed mea-
surements and the uncertainties that are associated with each of them, it is
clear from Table 2 that they are fairly consistent. When the data are
averaged for these compounds the mean scatter introduced is less than t+ 10%;
only one data point in the total of 63 was excluded for reasons of gross dis-
agreement. The above deviation is probably not more than the absolute error
associated with the individual members of the set; some results are given to
only one significant figure. Table 2 includes not only Bunsen burner type
data but the data by Wright and Blazowski in a backmixed jet stirred reactor.
The rationale for taking data in a jet stirred reactor was that the aero-
dynamics more closely duplicates that occurring in actual hardware, especially
gas turbines. The correlation in Table 2 strongly indicates that chemistry,
not aerodynamics, is controlling the critical composition for soot formation.

The mean scatter from averaging the diffusion flame data, Table 3, is
less than + 15%; if propane and propylene are excluded the mean scatter is
less than + 10%. Seven data points out of 146, or 57 of the data points were
excluded. A data point was excluded only when three or more measurements were
available for the same substance and one of them was obviously out of line--
see the bracketed numbers in Table 3. Again the agreement between different
investigators using different techniques emphasizes the importance of chemis-

try in determining the critical composition for soot formation.
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RESULTS AND DISCUSSION

It was demonstrated in the previous section that measurements of the
threshold for soot formation for either premixed or diffusion flames made by
many different investigators using different methods are consistent when the ‘
sets of data are appropriately treated using two constants to normalize each ?
data set. This implies that chemistry is the controlling process in soot
formation in both premixed and diffusion flames.

Before discussing the question of a correlation between the premixed 4
data and the diffusion data, the effect of molecular structures on premixed

and diffusion flames will be discussed separately.

R o

Premixed Flames

Most of the TSI data in Table 2 are plotted against the number of carbon
atoms in the molecule in Fig. 1. To simplify the figure, smooth curves have
been drawn through the n-alkane and n-alkene data. Isomers have been left 1
off because inspection of Table 2 shows that they generally produce only a
slightly higher TSI. The most striking feature of Fig. 1 is that most of the

data fall roughly in a band, with TSI increasing with number of carhon atoms;

the slope is about 7 TSI units per carbon atom. Exceptions are acetylene,
1,3-butadiene, and the higher molecular weight alkanes and alkenes. When TSI
is plotted against the C/H ratio, Fig. 2, butadiene is no longer out of order.
It is also interesting that butadiene (as does acetylene) attains its
maximum burning velocity (16] and minimum ignition energy [17] in very rich
mixtures compared to other hydrocarbons. For example, butadiene has a maxi-

mum burning velocity of 57 cm s * at ¢ = 1.23 while Lutene has a maximum burn-

ing velocity of 45 cm s~! at ¢ = 1.08. Most hydrocarbons reach their maximum

burning velocity between ¢ = 1.0 and 1.1.




The adiabatic flame temperature of acetylene is considerably greater than
that of the other species; this may tend to mask the effect of molecular struc-
ture. It is clear, however, that the temperature is not the controlling factor
in the tendenty of a fuel to soot (cf. Refs. 18 and 19); for Bunsen burner
flames the calculated adiabatic flame temperatures at the incipient soot point
for acetylene, benzene, and n-hexane are 2380, 2200, and 1850 K, respectively,
which bears very tittle relationship to their puosition on Fig. 1. Blazowski
reports measured temperatures in a stirred reactor at the incipient soot limit

for ethylene, l-methyl naphthalene, and toluene of 1550, 1905, aad 1951 K,

respectively, which again bears little relationship to their position in Fig. 1.

It is also clear from Fig. 1 that increasing aromatic character increases
the tendency to soot; compare, e.g., cyclohexane to benzene (TSI = 56 to 80),
and decalin to tetralin (TSI = 85 to 98).

Based only on their results, Street and Thomas [l] reported the following
(frequently quoted {13,14]) qualitative, relative ordering for the tendency to

soot of hydrocarbons in premixed flames:

acetylene < alkenes « iso-alkanes <« n-alkanes < monocyclic aromatic hydro-

carbons < naphthalenes

As shown in Fig. 1 these are rather poor summaries of the actual situation.
Consideration of the quantitative ordering demonstrates that the reported

trend is misleading. Further, it is clear that the effect of increasing the
number of carbons within a family is sSometimes much greater than changing
families at fixed carbon number. As an illustration, consider the relatively
small differences between hexane (TSI = 64) and hexene (TSI = 58 interpolated)
compared to changing from ethylene (TSI = 30) to heptene (TSI = 60), or

cthane (TSI = 35) to pentane (TSI = 63).
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Another frequently reported qualitative trend is the increase in tendency
to soot with increasing C/H ratio [20,21]. The results in Table 2 plotted in
Fig. 2 against C/H ratio, show that while there is a general increase in
tendency to soot with increasing C/H ratio, the trend is weak and thus of
limited predictive value. All of the alkenes at fixed C/H should be equal but
have TSI values from 30 to 65, and acetylene with one of the highest C/H
ratios has (TSI = 0) the lowest value of any compound measured; further, acet-
ylene and benzene have the same C/H but TSI = 0 and 80, respectively.

Street and Thomas suggested that the somewhat highér TSI of aromatics in
premixed flames may be caused by the ability of the benzene ring to resist
oxidation and survive into the burnt gas zone. Fenimore, Jones, and Moore [22]
subsequently studied the onset of soot in premixed flames as a function of

various species concentrations in the burnt gas zone. They found that the

correlation between sooting and the survival of benzene into this zone was
quite strong. In a recent review summarizing the role of aromatics in soot
formation, Bittner and Howard {23} confirm this observation, but suggest that

more information on the role of intact aromatics will be required to clarify

the reasons for this large apparent enhancement. i
Clearly rore data are required on the effect of molecular structure on
soot formation in premixed flames and that data should include the effect of

temperature.

Diffusion Flames

Much of the data in Table 3 have been plotted in Figs, 3 and 4. Smooth
curves have been drawn through the n~alkanes, n-alkenes, and n-alkynes.
Isomers and cyclic structures for these substances have been deleted because
they differ little from the normal compound and the tendency to scot of the

alkanes and alkenes is small compared to other structures. The effect of
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isomeric structure is demonstra;ed by examining the octanes in Table 3. This
table demonstrates what Clarke et al. [7] recognized, that the more compact
the molecular structure the greater the tendency to soot.

The most striking feature of Fig. 3 1is that most of the data, with the
exception of the alkanes and alkenes, but including the alkynes, fall in a
band with TSI increasing with number of carbon atoms, with slope varying
frem about 6 to 12 per carbon atom. This is better demonstrated when all of
the data in Table 3 except that for the alkanes and alkenes, are plotted on
a single graph. Only typical molecules are plotted in Fig. 3 because the
displayed structures would overlap; the molecules with greatest deviation
from the rest of the data have been included however. Butadiene again stands
out as having a greater tendency to soot than any other small molecule; unfor-
tunately, there are no other examples of conjugated systems. Glassman [11,19]
interprets this observation as indicating that butadiene may be a major 'pre-
cursor element in soot nucleation'. Again, however, when TSI is plotted
against C/H, Fig. 4, butadiene falls in with all the other fuels. Styrene
with its conjugated double bond is also an outstanding sooter in Fig. 3 but
falls within the other fuels in Fig. 4 when TSI is plotted against C/H.

The second most notable feature of Fig. 3 is the very low tendency of
the alkanes and alkenes to soot and the major importance of aromatic character
on the tendency to soot.

The failure of C/H to correlate the data is vividly clear in Fig. 4 in
the comparison of acetylene and benzene, both having C/H = 1.0 but TSI of 3.9
and 31, respectively, or the trend from acetylene to hexyne with C/H from 1.0
to 0.6 and TSI from 3.9 to 20. We note that it has erroneously been reported
{24]) that the incipient sooting tendency decreases with increasing size for

all compounds except paraffins. These conclusions were based on Fig. 6 of
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Minchin [6] which has been interpreted as summarizing his experimental data.

In fact the credit for this data is usually given to Clarke, Hunter, and !

Garner [7] who simply redrew Minchin's curves. Minchin's Fig. 6 is actually
the result of a hypothetical calculation based on only a few data points. .

The relationship used in that calculation is not in agreement with the exten-

sive data subsequently collected by other workers.
It is sometimes stated that in diffusion flames soot formation increases

in the order [14]) 4

paraffins < mono-olefins « di-olefins « acetylenes < benzenes <« naphthalenes

Reference to Fig. 3 demonstrates how misleading this qualitative statement is

when compared with quantitative data.

Comparison between Premixed and Diffusion Flames

It is classical mythology to recognize the different tendency to soot of
premixed and diffusion flames [13,14]. Comparison of Figs. 1 and 3 show some
differences and much in common. The most striking difference is the relative
position of the alkenes and alkanes on the two figures; this is determined by

the relative position of acetylene with respect to these two groups of com-

pounds. In premixed flames acetylene has a much lower tendency to soot than
the alkanes and alkenes but in diffusion flames it has a greater tendency to
soot. In addition, the tendency to soot for the alkanes and alkenes is

reversed in the two flames. Nevertheless, the tendency to soot increases

-

! with increasing molecular weight (increasing number of carbon atoms) in both
flames for both classes of compounds, and the tendency to soot increases with
isomerization (increasing molecular compactness) in both flames--see Tables 2
and 3. Both Figs. 1 and 3 show major overall trends in common when the total

range of fuels 1s considered. At the extremes in both flames are acetylene

Saltbaa .
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and the naphthalenes. Further, it is apparent that aromatic character plays a
dominant role in both flame types and 1,3-butadiene has a greater tendency to
soot in both flames than the corresponding alkane or alkene when TSI is plotted
against numbers of carbon atoms but not when plotted against C/H.

The fuels in common between the two flames are compared in Fig. 5. All of
the alkanes and alkenes fall in the cross-hatched area. The correlation, al;
though not linear, between the premixed and diffusion flames is surprisingly
good. In diffusion flames differences between molecular structure of alkanes
and alkenes cause only a small change in TSI while in premixed flames the change
is more dramatic; on the other hand, for mono~ and di-cyclic compounds large
changes are noted for diffusion flames and small changes for premixed flames.
It is obvious that more data on premixed flames are required; these are being
collected in our laboratory.

The choice of definitions for TSI was somewhat arbitrary; a different
choice should be possible to force the points in Fig. 5 to fall more nearly on
a 45° line. It should also be pointed out that the manner of presentation of
the data as TSI for the whole range of fuels appears to suppress the differ-
ences, especially in diffusion flames, between the alkanes, alkenes, and
alkynes, although on a percentage basis the differences between these may be
quite large. Another caveat is in order--the data reported here should not be
interpreted as applying to practical systems such as turbojets, diesels, or
power plants until a correlation between the laboratory system and the prac-
tical system has been demonstrated. The early examination of such correla-

tions is of great importance to the synfuels program.
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SUMMARY

By defining a rational threshold soot index, TSI, varying from 0 to 100
to measure the onset of soot formation in premixed and diffusion flames, it
is shown that all of the data in the literature on premixed and diffusion
flames, taken by many techniques, can be succesfully correlated with respect
to molecular structure. The differences in effect of molecular structure be-
tween premixed and diffusion flames are less than previously thought. The
major differences between premixed and diffusion flames are the relative order
of alkanes, alkenes, and alkynes; the relative importance of aromatic struc-
ture, isomerization, or increasing molecular size is the same. The role of
C/H, often taken as important in determining the effect of molecular structure,
is of very little value in correlating data from laboratory systems.

For premixed flames, the effect of molecular structure on the onset of
soot formation as measured by the TSI can be tentatively summnarized, until
more data are available, in approximately decreasing order of importance:

1. TSI is strongly influenced by the number of carbon atoms in the mole-
cule, about 7 TSI per carbon atom. Two exceptions to the rule are
acetylene with a TSI of 0, about 30 TSI below any other molecule,
and butadiene, 20 TSI greater than n-butane.

2. Aromatic character increases the tendency to soot. TSI is increased
15 to 25 units on converting a saturated ring to an aromatic ring.
(The change from tetralin to methyl naphthalene is, however, very
small.)

3. n-alkanes and iso-alkanes have essentially the same TSI (iso-alkanes
slightly higher) starting at 35, rising to about 65 at pentane and

then rising more slowly for larger molecules.
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Alkenes fall below alkanes by about 10 TSI units for small molecules,
decreasing to about 5 TSI units for larger molecules.
Adding a side chain to an aromatic molecule increases the TSI;

lengthening the side chain decreases the TSI,

For diffusion flames the effect of molecular structure on the onset of

soot formation can be summarized, in approximately decreasing order of

importance:

1.

TSI, with the exception of alkanes, and alkenes, but including the
alkynes, is sfrongly influenced by the number of carbon atoms in the
molecule, 6 to 12 TSI per carbon atom. Two major exceptions to the
rule are 1,3-butadiene and styrene which are about 15 and 20 TSI,
respectively, above the average curve.

Aromatic character greatly increases the tendency to soot; TSI is
increased for changing a saturated ring to an aromatic ring by from
25 to 60.

Alkanes and alkenes have very low tendencies to soot, TSI <« 7, with
alkenes having TSI from 2 to 6 above alkanes.

Isomeric or cyclic structures for alkanes or alkenes do not compare
in increasing the tendency to soot with increasing aromatic charac~
ter; however, making an alkene or alkane more compact generally
increases the tendency to soot by as much as 807.

Multi-ring structures including saturated rings increase the tendency
to soot.

The addition of a side chain to an aromatic molecule has complex

effects, generally increasing TSI but for long side chains decreas-

ing TSI.
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TABLE 1
Constants for Calculation of TSI from Original Data
Source
Original

Premixed Flames Data Form

Street and Thomas {1] ¢C

Grumer, Harris, and Rowe [4] dc

Wright {2] bc

Calcote and Miller [3] bc

Blazowski [5] dc
Diffusion Flames

Minchen {6] h

Clarke, Hunter, and Garner [7] h

Hunt {8] h

Schalla and McDonald [9] v

Van Treuren {[10] h

Schug, Manheimer-Timnat, Yaccarino, v

and Glassman [11]

a b
219 101
181 81.6
204 78.1
303 147
227 101

0.178 -15.7

0.381 -0.76
3.10 1,13
0.322 0.85
0.594 ~-1.16
0.144 ~-1.55




TABLE 2

Threshold Soot Index for Compounds Measured in Premixed Flames

Data source indicated in brackets

Mol. Threshold Soot Index

Formula Name We. C/H TSI

CH, methane 16 0.250  34(4)

C.He ethane 30 0.333 42[1) 28[4) 35 + 7

C.He propane 44 0.375 5311) 4713) 49(4) 50 + 2

C.tio n-butane 58 0.400 61[1] 53[4] 57 + 4

CaHyz n-pentane 72 0.417 63[1]

CsHiz isopentane 72 0.417  61(1]

CeHia n-hexane 86 0.429 65(1) 63{3] 64 + 1

Colia 2-methyl pentane 86 0.429 65[1]

CeHy2 cyclohexane 84 0.500 58[1} 53[3] 56 + 3

Cellre n-octane 114 0.444  72[1] 52(3] 62 £ 10

CaHis isooctane 114  0.444  65(1)

CioH1e decalin? 138 0.556 85[1]

Cy.Hze isododecane 170  0.462 70(1]

CieHaa n-cetane 226 0.471 76{1])

C.He ethylene 28  0.500 26[1] 33([31 41([2] 24[5] 27(4} 30 %+ 5

CL,iHg propylene 42 0.500 42[1) 37[2) {63[37]}P 40 + 2

C.le n-butene 56 0.500 53(1] 46[2] 50 + 4

C.He isobutene 56 0.500 62[2] 67[4] 64 &+ 3

CsHyo n-pentene 70 0.500 56[1)

C. e n-heptene 98 0.500 65[1) 55[3} 60 %+ 5

Colly 1,3-butadiene 54  0.667 77{2)

CoH, acetylene 26  1.00 -1.5[1} 1.6[3] 0.00 ¢ 1.5

CoHa benzene 78  1.00 68{1] 75(3] 93(2] 85{4] 80 + 9 ?

C Uy toluene 92 0.875 781} 93[3) 87[2) 8G[5) 72[4) 83 = 7 ;
4

CuHyo xylenes 106 0.800 85[1) 93[3] 90[2]) 95[5] 91 + 3 f

CoHyz cumene® 120 0.750  83[1} 74([3] 79(2] 85[5) 80 + 4

“1oHio dicyclopentadiened 130 1.00 85{2] 86([5) 86 £ O

Crolya tetralin® 132 0.833  108[1] 92({2] 94(5] 98 + 6
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TABLE 2 (continucd)

Mol. Threshold Soot Index
Formula Name o We.oooemwo TSI
Ciitho l-methyl 142 1.10 110f1] 86(2] 104{5] 100 ¢ 9
naphthalenef

jee

b { } Included in determining fit but excluded from average when plotting

24




TABLE 3 i
Threshold Soot Index for Compounds Measured in Diffusion Flames |
Data source indicated in brackets 4
Mol. Threshold Soot Index “
Formula Name Wt. C/H TSI }
C:Hs ethane 30 0.333  1.2{9] -1.3[11] 0.0 £ 1.2 b
CsHe propane 44 0.375 1.3{9] -0.07{11] 0.7 + C.7 ~1
CisHe cyclopropane 42 0.500 3.2[9) i
CuHio n-butane 58 0.400 1.6[9) 1.2(11] 1.4 % 0.2 1
C.Hyo isobutane 58 0.400 2.2[9] ‘
CsHi2 n-pentane 72 0.417 1.0[7] 1.3[8] 1.7[9] 1.3 %+ 0.2 ;1
i
CsHiz isopentane 72 0.417 1.6[7] j
CsH:, 2,2-dimethyl propane 72 0.417 2.7{8] 3.8(9] 3.3 + 0.5 t
CsHio cyclopentane 70 0.500 3.5[8] 3.0{7] 3.519] 3.3 £ 0.3 h
CeHia n-hexane 86 0.429 2.7[8] 2.3[9] 2.5 + 0.2
CeHay 2-methyl pentane 86 0.429 2,9[8] 2.9110}) 2.9+ O
CeHi o 3-methyl pentane 86 0.429 2.9(8) 2.6[9] 2.8 + 0.1
CeHiu 2,2-dimethyl butane 86  0.429 3.3[8] 4.0[7] 3.6 £ 0.4
CeHia 2,3-dimethyl butane 86 0.429 3.2[8]
CeHi 2 methyl cyclopentane 84 0.500 5.0(8] 4.8[9] 4.9 £ 0.1
CeHiz cyclohexane 84 0.500 3.2[8] 3.4[7] 3.0[9) 3.2 £ 0.1
CrHie n-heptane 100  0.438  3.0[8] 2.5[10] 2.6[9) 2.7 + 0.2
CoHie 2-methyl hexane 100 0.438  3.2(8] ;
CsHie 3-methyl hexane 100 0.438 3.2[8]
CrHie 2,3-dimethyl pentane 100 0.438 3.5(8)
C-His 2,4-dimethyl pentane 100 0.438 3.6[8]
CrHia methyl cyclohexane 98 0.500 4.2[8] 4.6[7} 4.4 + 0.2
CeHia n-octane 114 0.444  3.,3[8] 3.2[10] 3.2(9] 3.2 + 0.1
CeHie 2-methyl heptane 114 0.444 3.5(8])
CeHis 3-methyl heptane 114 0.444 3.7(8}
CeHie 4-methyl heptane 114 0.444  4.0[8]
CoHi1s 3-ethyl hexane 114 0.444  4.0[8] ]
CeHie 2,2-dimethyl hexane 114 0.444  4.5[8] ;
CeHie 2,3-dimethyl hexane 114 0.444  3.8[8)] 4
CaHie 2,2,4-trimethyl pentane 114 0.444 5.0[8] 6.1[7] 5.6 + 0.5

CegH,1s 2,3,4-trimethyl pentane 114 0.444 5.7[7]




a T
TABLE 3 (continued)
Mol. Threshold Soot Index
Formula Name Wt. C/H TSI
L Callie 2,3,3~trimethyl pentane 114  0.444 5.7[7] ‘
CeHia 2-methyl 3-ethyl pentane 114 0.444  4,4]8]
CeH, s 1,3-dimethyl cyclohexane 112 0.500 5.9{8)
Cullye ethyl cyclohexane 112 0.500 4.6[8]}
CeHsoo nonane 128 0.450 4.119]
Cullzo isononane 128 0.450 5.0[9]
Ciollaz  decane 142 0.485  4.1[8) 4.5[10) 4.3 £ 0.2
CioHys  decalin 138 0.556  12[8) 13]7) {3.7{61}% 13 ¢ C.5
CiiHa undecane 156 0.458 4.318]
CiaHae dodecane 170 0.466 4.818]
CyaHza tridecane 184 0.464 5.2[8)
CyuHso tetradecane 198 0.467 5.4{8] ﬁ
4
C.He ethylene 28 0.500 1.3[9) 1.3{11] 1.3 £ O
CyHe propvlene 42 0.500 2.6[9] 6.9{11] 4.7 £ 3.8
C.lisg n-butene 56 0.500 4.4(9]
C . Ha 2-butene 56 0.500 4.3[9] s
CL Hy isobutene 56 0.500 4.8{9]
CsHio 1-pentene 70 0.500 4,8(7] 3.5[9] 4.2 £ 0.6
CsHe cyclopentene 68 0.625 15{9} ]
Celiiz  hexene 84  0.500 3.9(8] 4.9{7] {8.1[10]} 4.4[9] |
4.4 £ 0.3
Celio cyclohexene 82 0.600 6.3[8) 5.8[7} 5.0{9] 5.7 + 0.5
CrHy, l1-heptene 98 0.500 4.1[8] 4.5[7] 5.1(9] 4.6 + 0.4
C:Hiq 2-heptene 98 0.500 4.3[8] 5.3[9] 4.8 + 0.5
CuyHye l-octene 112 0.500 4.4[8]
CeHis 2-octene 112 0.500 4.4(8]
CioHao decene 140 0.570 5.5{8]1 6.2{7] 7.6[9] 6.5 ¢+ 0.8
Ci2Ha, dodecene 168 0.500 6.4[8]
Ci2H;2 dicyclohexylb 166 0.545 10(8] 11[7} 10 + 0.2 ?
C:uHzse  tetradecene 196  0.500 7.6(8] 1
CieHs2 hexadecene 224 0.500 8.3[8]
CisHas octadecene 252 0.500 9.2(8]
C.H; acetylene 26 1.00 2.719] 4.6111] 3.9 £ 0.7
CsHa propyne 40 0.750 5.9{91]
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TABLE 3 (continued)

Mol. Threshold Soot Index
Formula Name We., C/H TS1
C-He pentyne 08 0.625 15[9]
CoHio hexyne 82 0.600 20{9]
C.He 1,3-butadiene 56 0.667  26[9] 24{11] 25 + 0.9 :f
Collyy 2,5-dimethyl,1,5- 110 0.570 34[9] -
hexadiene
CeHe benzene 78 1.00 31(8]) 30(7] {24]9])} 31 %+ 0.4
CoHe toluene 92 0.875 48[8] {34[7]} 52[6] 48[10] 50[9]
CeHio xylene 106 0.800 63(8] 44([7] 46[10] 51 ¢ 8 02
Cullio ethyl benzene 106 0.800 56[8] 61]6] {75191} 58 % 3
CLHy 2 mesitylene® 120 0.750 47[8] ¢
Coliyz trimethylbenzenes 120 0.750  47[8) :
CuH,y cumene 120 0.750 63[8]
Cylyaz propyl benzene 120 0.750 4708) {11119}
Crolya p-cymened 134 0.714  84[8) 39[7] 61 + 23
CioHya butyl benzene 134 0.714 70[8]
CiroHys sec butyl benzene 134 0.714  60[8]
CioH:s tert butyl benzene 134 0.714  8418)
Ciolia diethyl benzene 134 0.714 60[8} g
CiiHie sec pentyl benzene 148 0.688 58[8] %
Cy1H:6 tert pentyl benzene 148 0.688 58[8] ;
C,zH16 m-di-isopropyl benzene 162 0.667 51[7]
CizHis phenyl cyclohexane 160 0.750 72(8]
CioHi 2 tetralin 132 0.833  69[8] 41[7] 58[6] 56 + 10
Cuta indene® 116 1.125 52[8)
o, atyrenef 106 1.000 81[8] "
L. plnene® 136 0.625  24[7) |
caphthalone 128 1.25 100{8]}
«*» 1 naphthalene 142 1.10 89[8] 89{6] 89 + O
s1ohthalene 142 1.10 89[8]

AL e ties 196 L.nC 98(8]




TABLE 3 (continuced)

" { ) Included in determining fit but excluded from average.
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eter fails.
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improved predictions of the soot production from highly aromatic, out-of-
specification fuels.

Correlation parameters of reciprocal smoke point or fuel TSI with soot-relatud
effects were found to be > 0,9 in several tests. However, in several recent
studies which appear to be quite extensive, these fuel parameters as well as
hydrogen content all produced correlations of « 0.8, The reasons {or such poor
correlations are unclear. Recommendations are made for tests to further exam=
ine this lack of consistency.
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PREFACE

The work reported herein represented a special study undertaken
in conjunction with our laboratory study of the mechanism of soot
nucleation in flames which is supported by the Air Force Office of
Scientific Research (AFOSR). Additional funds to cover this work
during the perjod 1 August through 30 September 1980 were provided
by Tyndall Air Force Base. The program manager representing Tyndall
Air Force Base was Captain Harvey J. Clewell, and the program
manager representing AFOSR was Bernard T. Wolfson,

This report has been reviewed by the Public Affairs Office (PA)
and is releasable to the National Technical Information Service
(NTIS). At NTIS it will be available to the general public, includ-

ing foreign nations.
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SECTION 1

INTRODUCT I ON

Economic and availability factors are forcing a trend toward increcased use
of out-of-specification jet fuels., In particular, incrcased use of petroleum
fractions with high aromatic contents is likely,and the prospect exists of sub-
stantial reliance on shale, tar sand, and coal derived fuels in the future. The
tendency of these fuels to increase exhaust emissions and reduce engine perfor-
mance and reliability has been the subject of increasing interest (References 1
to 11) over the last twenty years. Several reviews of the subject have
recently been published (References 12 to 15).

In this work the literature describing several investigations of fuel effects
on the performance of jet aircraft combustors (References 1 to 11) and on smaller
stirred reactor combustors used to simulate these systems (References 1, 10, 16
to 19) has been examined. The goal of this review is to learn which fundamental
fuel properties determine, or at least correlate well with, the tendency of
highly aromatic fuels to form soot. Of course, the workers responsible for the
cited efforts have attempted to do precisely this for their own results and have,
in the process, focused attention on several fucl properties which appear to be
important in soot production and emission. What is hoped for here is that by
examining a broad range of tests and experiments from a variety of sources it
will be possible to:

(1) Select more universal criteria for predicting the extent of sonoting
from out-of-specification fuels,

(2) Point the way to what additional work would be useful in refining
these criteria or developing better ones.

The approach in this study has been to be selective rather than exhaustive,
and it should be pointed out that time and money restrictions precluded
consideration of all available studies. Much of the relevant work is in the
report literature and therefore is not immediately accessible on a short time
scale. Examination of a large volume of literature relating to fuel effects on
gas turbines has focused, in this effort, on those papers which include a
detailed examination of the physical and chemical properties (the independent

variables) of the fuels used and measurements of either smoke emission or




related phenomena such as flame radiation or combustor liner temperatures (the
dependent variables) (References 1 to 11, 16 to 19). Further concentration was
made in this examination on those studies which tested a large enough varicty

of fuels to yleld reasonable statistics. As a result of this selection process,
the reports described in Table 1 have been closely examined. The first of these
tabulated data sources is a study by Schirmer, McReynolds, and Daley (Reference
1) using a J57 can~type combustor. In this study an aromatic-free JP-5 was used
as the base fuel with triethyl benzene (single-ring aromatic) and methyl naphtha~
lene (double-ring aromatic) additions of up to 17 (volume). In addition,decalin
(a double-ring saturated compound), tetralin (a double-ring partially saturated
compound), iso-octane, n-heptane, and JP-4 were tcsted. The measured dependent
variables were the flame vadiation in the primary combustion zone and the combus~
tor liner temperature.

Naegeli and Moses (Reference 10) measured flame radiation, smoke number, and

liner temperature in a T63 can combustor using JP-5 as a base fuel to which
aromatics were added. Also a Jet A, synthetic JP-5's from shale, coal, and tar
sands, and marine diesel fuel were tested. In another paper (Reference 19),
these authors described a smaller set of experiments in which Jet A was blended
with xylenes, decalin, methyl naphthalene, tetralin, and anthracene to produce
a series of fuels all with a hydrogen content of 12.8% (wt). These experiments
were performed in a small 2~inch Phillips Combustor where flame radiation was
measured. Although the number of fuels tested is not as large in this study as
in others, the constraint on H content makes this study notable.

Two reports by Gleason et al. (References 6, 7) and a similar report by
Vogel et al. (Reference 8) describe a scries of tests for a J79 combustor (Ref-
etence.6), a F101 combustor (Reference 7), and a TF41 combustor (Reference 8).
The base fuel in these studies was JP~4 to which xylenes, naphthalenes, and
mineral oil were added. A very similar series of fuels was used for all of the

tests in these three combustors. A variety of independent variables was mea-

sured including smoke number, smoke emission (g/kg), and liner temperature. The
reports extensively analyze the results to determine how well these soot-related
quantities correlate with numerous fuel properties over a wide range of operating

conditions.
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TABLE 1.

Ref. Combustor

SELECTED REPORTS DESCRIBING FFFECTS OF FUEL O8N SOO0T

PRODUCTION N JET ENGINE COMEUSTORS

Soot-Related
Measurements

tulet
Pressure
Rauge,
atm

1 J57

10 T63

19 2-in¢h
combustor

6 J79

7 Fl0}

8 TF41l

Flame radia-
tion, liner
temperature

Flame radia-
tion, liner
temperature

Flame radia-
tion

Flame radia-
tion, liner
temperature,
smoke number,
smoke emis-
sion

Flame radia-
tion, liner
temperature,
smoke number,
smoke emis-
sion

Flame radia-
tion, liner
temperature
smoke number,
smoke cemis-
sion

5.0-14%.0

2.3-4.7

5.0-10.5

2.4-12.4

3.9-12.4

2.9-18.5

>

Description of Fuels

fwelve fuels including aromatic-free
JI'-9, JP-5 blended with triethyl ben-
zene and methyl naphthalene, JP-4,
de¢calin, tetralin, iso-~octane,
n-heptane, kerosene,

Eighteen fuels including Jet A, JP-5,
JP-5 blended with monocyclic and di-
cyclic aromatics, synthetic JP-5's,

JP-5 blended with diesel fuel, JP-5
blended with decalin, diesel fuel,

leaded gasoline. (Data using leaded Bas.-
line were excluded from this report.)

Light fuels including Jet A, Jet A
blended with xylenes, decalin, methyl
naphthalene, anthracene, tetralin.

Thirteen fuels including JP-4, JP-8,
and blends of these with xylenes, and
naphthalenes and mineral oil, diesel
fuel.




All these reports demonstrate clearly that the physical properties (viscos-
ity, density, surface tension, vapor pressure, boiling points) of the fuels have,
at most, secondary effects on sooting behavior. Therefore, these workers have
concentrated their efforts on cxamining soot production (or a related quantity
such as flame radiation or smoke number) as it varies with chemical properties
of the fuel., 1In particular, attention was concentrated on the following chemi-
cal properties of the fuels as measured by the report authors: (1) hydrogen con-
tent, (2) aromatic content, and (3) amount of multiple-ring aromatics. A
fourth fuel property, the fuel smoke point,* also was considered. The first of
these independent variables has been demonstrated to often correlate very well
with soot-related combustor measurements (References 4, 5, 10). Indeed, hydro-
gen content is most commonly judged the fundamental property of choice in pre-
dicting the tendency of a fuel to produce soot. It is striking that such a
crude measure of the chemical makeup of the fuel does so well as an indicator
of the propensity of a fuel to form soot.

Aromatic content has long been known to be a cause of soot formation. For
typical fuel blends, it often correlates with hydrogen content, of course, but
typically it is found to correlate less well with soot production than does
hydrogen content (see, e.g., References 6, 7, and 8 and the following section).
In Reference 1 it is shown that increasing the multiple-ring aromatic content
of a fuel is very effective in producing a large increase in flame radiation
(beyond that observed with an equivalent amount of a single~ripng aromatic). This
is examined more closely below.

Finally, the importance of fuel smoke point as a means of predicting soot-
ing behavior has been examined. Although it has not been widely noted, when
this is done it is found that the reciprocal of the smoke point is typically
as good and, in some cases, a considerably better predictor of sooting than
the hydrogen content. The objection is sometimes made that, whereas the first
three variables listed above are fundamental properties of a fuel capable of
being predicted or unambiguously measured in repeatable, standardized ways,

the smoke point of a fuel is an empirical quantity, which although a

* The smoke point of a fuel is the minimum height of a small laboratory diffu-
sion flame, burning the fuel in air, at which luminosity at the flame tip
from soot formation is observed. The standardized apparatus and procedure
are described in Reference 20.
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standardized ASTM test is defined (Refercnce 20), is nounetheless ambiguous in
the sense that it has historically been dependent on the type of burner employed
in the test (see, e.g., References 1 and 21). It will be shown here that this
objection can be removed by defining an index based on the smoke point which
unambiguously defines the sooting tendency of a fuel regardless of which sort ]
of diffusion flame burner is used to measure the smoke point. An objection can
also be made to using a smoke point defined by using small laboratory diffusion

flames to indicate the sooting tendency of fuels in highliy turbulent combustors

which are generally treated as well-stirred combustors in which premixed flames
are burning. However, in the context of soot production, the extent to which
engine combustion chambers can be considered well stirred is questionable in
view of the very low overall fuel/air ratios which yield soot in these systems.
Fuel-rich flamelets which produce soot unquestionably occupy some fraction of
the combustor dome and primary combustion volumes and to this extent diffusion
flame~derived quantities such as the smoke point might, and indced do, correlate
well with soot production in these practical systems. Furthermore,a conceptual
problem in the relating of smoke point and sooting in large combustors is that
measurement of smoke point is a measurement of the threshold at which sooting
commences. On the other hand, in large combustors, the soot yield or a quantity
dependent on yield is measured. That a good correlation exists between these
two quantities is a reflection of the tendency of fuels which have low thresh-
olds to produce more soot at a given equivalence ratio than fuels with high
thresholds (Reference 22). It may also be due to the fact that in a large com-
bustor one is dealing with a large ensemble of small partially mixed diffusion
flamelets of various sizes for which, at any given moment, a fraction will be

of small emough scale or at low enough equivalence ratio to be below soot
threshold. The soot yield will then vary with the fraction which burns beyond
threshold and thus the correlation is established.

In the sections which follow, first the pertinent data from the selected
references will be examined. Then laboratory data on small sooting flames will
be described from which the tendency to soot based on the smoke point measure-
ment will be quantified and shown to be an unambiguous property of the fuel or
compound measured. In the last sections the implications of the comparison of

full-scale and laboratory smoke measurements will be discussed and recommenda-

tions made for further work.




SECTION 1]

REVIEW AND ANALYSES OF THE DEPENDENCE OF GAS TURBINE
COMBUSTOR SOOT PRODUCTION ON FUEL PROPERTIES

As can be gseen from selected reports of Table 1, a wide variety of avia-
tion gas turbine combustion systems has been tested. Most of the sclected
studies have been extensive, involving more than ten fuel blends, a large range
of operating conditions, and a wide variety of measurements which include, in
addition to soot-related quantities, determination of NOy, CO, and unburned
hydrocarbon emission, combustion efficiency, relight tests, and other perfor-
mance parameters which might be a function of fuel properties. The reader is
directed to the cited reports for details on measurement techniques and results.

Analyses of the data in the selccted reports has generally led to the con-
clusion that fuel hydrogen content (HZ) and smoke points (SP) of the fuecls (as
measured by the report authors using ASTM procedures) are the best indicators
of soot production in both large-and small-scale combustors. Table 2 lists
the correlations* between soot-related variables, flame radiation, or smoke num-
ber, and these two fuel properties at high operating power levels for the
selected studies. The correlation between the H content, H%Z, and the recipro-
cal of the smoke point, (SP)™', is also given, as well as the ranges for these
fuel variables and the engine operating conditions (the fuel/air weight ratio
and the burner inlet pressure). From the data of Table 2, it would appear that,
at most, only slightly better correlations occur between the soot-related quan-
tity and (SP)”' as opposed to H%Z. However, for all but the data from References

10 and 19, there is no firm statistical criterion for choosing between these

* The correlation between two ordered sets of numbers {y;} and {xj} is a mea-
sure of the degree to which one variable appears to vary with or depend on
the other. The correlation, r, is given by

e N /2
= d X - Xy
r o (x)o(y)

where ¢ is a standard deviation and bars over a variable indicates an average
value. If a plot of points (yj, xi) all lie on a straight line, r = +1 or -1.
Scatter about a best fit line results in |r| < 1. The smaller |r| is the
greater the scatter.
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two fuel properties since they corrclate so well with one another. The fuels

studied in Moses and Naegelil's work were such that the H%Z/(SP)~! correlation

is less good (in Reference 19 this was done purposcly by choosing fuels of

fixed HZ but varying SP) and in these tests the correlation of soot with in-
verse smoke point is clearly superior. 1In Figures 1 and 2, comparisous

between H% and (SP)~' are shown graphically for the data of References 1 and 10.
These figures were prepared by performing best fits of the independent vari-
ables HZ or (SP)” ' to the dependent soot related, measured variables of Table 2.
These best fit functions are then used to obtain the predicted values of the
dependent variable which are compared to observed values in these figures.

It is disturbing that in the very complete series of tests of References
6, 7, and 8 all the correlations are relatively poor. Figure 3 (made using
the TF4l1 data) makes this point verf clear when compared to Figures 1 and 2.
The engines tested in these threce studies range from the older, sooting J79
through the more modern, but still relatively sooty TF4l to the modern, very
clean burning F101l. Despite the fact that the F101 burns very cleanly, the
predicted decrease in liner life of this engine from the use of high aromatic
fuels is almost as severe as that predicted for the J79. Thus, the impact of
new fuels on liner life and reliability remains an important consideration
and low correlations of fuel properties with sooting behavior are a matter
of concern because of their implications with regard to the predictability
of fuel property effects.

In Table 3 data from the same studies (using the same sets of fuels)
under low power (idle) conditions are analyzed. The correlations tend to be
slightly better under these operating conditions than those obtained at high
power. There is, however, no difference apparent in the data betwecen the H
content and reciprocal smoke point as a correlating parameter. The fact
that for the J79 and F101 systems the correlations are improved under idle
conditions is not of much comfort since in these situations liner life is of
little concern.

Table 4 shows the correlations of soot-related quantities measured under
high power conditions (as tabulated above in Table 2) with aromatics and
multiple-ring aromatics as the fuel-related variables. As can be seen by
comparison with Table 2, neither of these fuel properties correlates as well
with sooting behavior as do H content or reciprocal smoke points except in

the instance of Reference 6 where the corrclation of aromatics with smoke

pres
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PREODICTED FLAME RADIATION, orb. wnits

i 1 L |
0.8 1.0 .8 20 28 3.0
OBSERVED FLAME RADIATION, orb. units

Figure 1. Comparison of Fuel Hydrogen Content and Reciprocal
Smoke Point as a Soot Predictor for the J57 Combustor
(Reference 1)

Q- Correlation using H%Z, r = - 0.98
A - Correlation using (SP)~!, r = 0.98




PREDICTED FLAME RADIATION, orb. units

1 { 1 1
2.3 |- _
A
:co = -
1.8 - & —
o)
A
1.0 (o) -
0.8 L | 1 1
0.8 1.0 1.8 2.0 2.8 3.0

OBSERVED FLAME RADIATION, arb. units

Figure 2. Comparison of Fuel Hydrogen Content and Reciprocal
Smoke Point as a Soot Predictor for the T63 Combustor

(Reference 10)

© - Correlation using HZ._t = - 0,91
A - Correlation using (SP)™', r = 0.94




PREDICTED SMOKE NUMBER

30 40 80 60

OBSERVED SMOKE NUMBER

Figure 3. Comparison of Fuel Hydrogen Content and Reciprocal
Smoke Point as a Soot Predictor for the TF4l Combustor
(Reference 8)

O - Corrclation using HZ, r = - 0.73
B - Correlation using (SP)™*, r = 0.73
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number is greater than that of any of the other fuel properties. This excep-
tion is in all likelihood accidental, however, and its value, 0.79, is not
large in any case. Data on aromatic content and soot taken under low power
conditions show these correlatfons to also be lower than those found using H
content and reciprocal smoke point.

As noted above, for most combustors the increase in liner temperature
which accompanies soot radiation is a cause for concern. The question thus
‘arises of how well the liner temperature correlates with the four fuel prop-
erties selected for examination and how well lipner temperature correlates with
the other soot-related properties of Tables 2 to 4. These correlations are
given in Table 5 for the combustors of References 1, 6, 7, and 8 at the high
power levels of Tables 2 and 4. From Table 5,it is clear that the H content
is a slightly better correlating parameter than the other fuel properties
examined. Reciprocal smoke point is better than aromatic content. Multiple-
ring aromatics seem to play little role. Again for the J79, F10), and TF4l
studies (References 6, 7, and 8), none of the parameters are exceptionally
good. Furthermore, the correlation of peak liner temperature with smoke num-
ber is low in these last three studies. In short, in these studies, not only
do none of the fuel properties correlate exceptionally well with soot-related
measurements, but the soot-related quantities (e.g., combustor liner tempera-
ture, engine smoke number) do not correlate well with one another. To further
emphasize this point, examination of data taken under engine idle conditions
shows the correlations corresponding to those of Table 5 to be even weaker.
As a flagrant example, one finds from Reference 7 that the correlation of
smoke number to peak liner temperature is -0.43 for the Fl0l engine under idle
conditions apparently indicating that in this case the role of soot radiation
in determining liner temperature is minimal for this engine under idle
conditions.

An additional way of examining the data involves determining whether a
particular set of fuels used in different engines soots in a consistent way.
That 1s, does the amount of soot produced in one engine by a fuel correlate
well with the amount of soot that fuel produces in another engine operating
under comparable conditions, relative to that produced in the engines by some
reference fuel? References 6, 7, and 8 allow this hypothesis to be checked.
These studies uscd nearly identical series of fuels. One fucl (Fuel No. 4, a

JP-8, xylenes blend) used in the Reference 8 study {(which corresponds to

o
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Fuel No. 10 of References 6 and 7) scems way oul of Line and has been excluded.
In Table 6, the correlation of smoke numbers measurced using this series of fuels
is shown, and in Fipure 4 an cxample of the comparison between the J79 and TF4l
data Is shown. As can be scen from Fligure 4,0 1ot of scatter exists. Thus, the
correlations are not strikingly large, but arc possibly significant in view of

the low correlation found between all the measurements of soot in these studies.

TABLE 5. CORRELATIONS OF LINFR TEMPERATURE WITH FUEL PROPERTIFES
HIGH POWER CONDITIONS?

Correlations of Liner

Temperature with Fuel . .
pe Correlation between liner

Reference/ Properties .. . ... Temperature and Radiation
Comhustor nx (SP)™'  Ar, 7 M-R Ar, . .__smoke Number®
1/457 - 0.98 0.92 0.85 0.12 0.97

6/379 - 0.89 0.83 0.83 0.44 0.42

7/F101 - 0.65 0.59 0.59 C 0.4 0.64

8/TF41 - 0.69 0.64 0.61 0.46 0.62

a . ,
See Table 2 or 4 for fuel air ratio and inlet pressures. Liner temperatures
are the temperature differences between the inlet and peak liner temperatures
vbserved.

b See Tables 2 and 4 for ranges of fuel propertics.

¢ Radiation or smoke number volume are those uscd to obtain correlation.

TABLE 6. CORRELATIONS OF SMOKE NUMBFRS MFASURED IN DIFFERENT COMBUSTORS
FOR A SET OF FUELSA

Correlations between

_Ranges of Smoke Numbers . _____Combustors
J79  _Flol TFal J79/F101  J79/Tr41 F101/TF41

55.2-88.9 2.6-4.7 35-57 0.68 0.%6 0.60

® From Refcrences 6, 7, and 8. All at sea-loevel takeotf

operating condition.
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In a final attempt to find improved corrclating parameters, it was deemed

worthwhile to examine multiple variable linear regressions in which two or more
fuel properties are used in linear combination to produce best fits to the snot
data. Since multiple-ring aromatics are known to increase soot formation
dramatically in laboratory flames (see below) and in large combustors (see Ref-
erence 1), the data of the selected reports were fit with multiple variable
linear regressions using the pairs of independent variables (H content, multiple-
ring aromatic content and inverse smoke point, multiple-ring aromatic content).
The correlations achieved by fitting multiple-variable linear equations of the
forms

soot-related quantity = ao + a,(HZ) + a(M-R Ar, 7)
or soot-related quantity = b + b,(SP)"' + b (M-R Ar, %)

to the data are shown and comparcd to single variable correlations in Table 7.
Table 7 shows that, in most cases, little is gained by this multiple-variable
approach. (In the study described in Reference 8 a more extensive attempt at
applying multiple-variable regressions to the dota set lTed to the same conclu-
sion.) Only in the case of the J79 data (Reference 6) is a dramitic increase
in the quality of the fit noted. The failure of the multiple-variable approach
to help significantly in most cases is twofold. First multiple-ring aromaticity
in these studies often does not correlate very well with sooting and, secondly,
where it does, it also correlates well with H% and (SP)~'. Thus, its inclusion
is not very helpful.

Similar efforts in which other combinations of fuel properties are tried
generally do less well than the combinations of Table 7. Of course, increasing
the number of {ndependent variables which are simultaneously fit tends to
increase the correlation coefficient simply by decreasing the statistical de-
grees of freedom. More sophisticated statistical tests (the F-test) are then
needed to determine whether the better correlation obtained using more than one
variable is a true improvement or simply a mathematical artifact. Such an
examination is not included, but it scems likely that only in the case of the
J79 data 1s a true improvement to be made by correlating morc than one variable.
Even in this case use of three or four of the fuel properties simultaneously
provided no significant further advantage, e.g., a correlation of only 0.84

is8 achieved by using all four fuel properties in a multiple lincar regression

fit to these data.

Lnbcndls e b




TABLE 7.

UNDFER HIGH POWER CONDITIONS

Single-Variable

Reference/ Correlations N
Combustor B (SP)”' M-RAr, %
1/357 - 0,98 0,98 0,07
10/T63 - 0.8 0.95 0.74
19/2-1inch - 0.91 0.9 0.83
combustor
6/379 - 0.65 0.72 0.79
7/F101 - 0,71 0.70 0.56
8/TF41 - 0.73  0.73 0.36
18

MULTIPLE VARIABLE REGRESSION FITS TO SOOT DATA

Multiple-Variable

Correlations

HZ/M~R Ar% (SP)~'/M-R Ar%

0.98
0.96

0.93

(.84
0.75

0.73

0.99
0.95

0.96

0.84
0.72

0.73
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SECTION 111

LABORATORY STUDIES OF SOOTING FLAMES

Laboratory studies of soot thresholds in small premixed and diffusion
flames have traditionally suffered from the lack of a method of comparing
results of one study with those of other studies. The standardization of
laboratory diffusion flame measurements (Reference 20) to allow smoke points
to be obtained in a repeatable way is an attempt to get around this problem.
However, what has been needed is a means of reducing or removing altogether
the influences of geometry and fluid mechanical processes occurring in these
small flames so that soot threshold for a fuel can be assigned based only on
the chemical structure of that fuel. Such a method is presented in Appendix
A. In the paper presented in Appendix A, it is shown that data from laboratory
studies can be compared in such a way that fuel compounds can be assigned a
number which specifies the sooting tendency of that compound. This threshald
soot index (TSI) appears to be assignable to a wide variety of compounds
with an accuracy of + 10%.

For premixed flames, the TSI is directly proportional to the minimum

equivalence ratio at which sooting occurs, ¢,

TSI = a - b b

For diffusion flames, the TSI is inversely proportional to the smoke point,
TSI = a'(MW) (SP)™' + b'

where MW is the molecular weight of the fuel. The constants a and b and a'
and 'b' are specific to the measurement apparatus and must be determined by
calibration of each apparatus with at least two fuels having known TS1's.
Tables of TSI's for a variety of pure fuel compounds are given in Appendix A.
Jet fuels are, of course, mixtures containing large numbers of compounds.
Measurement of the diffusion flame smoke point in the laboratory, as indi-
cated in the previous section, produces results which often correlate well
with large scale engine results. However, as noted earlier, one objection to
relying on fuel smoke point as an indicator of sooting tendency is that it is
not a fundamental fuel property as are, for instance, the aromatic or hydrogen

contents of the fuel. A major step toward making soot threshold information
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reflect the chemical composition of the fuel and thus a fundamental, predict—

able property of the fuel is to define a fuel TSI based on the TSI's of the
compounds making up the fuels. This can be done using either diffusion flame
or premixed flame 1S1's. The simplest approach is to make the fuel TSI a

lineér, weighted sum of the TSI's of the fuel constituents,

Fuel TSI = Z x, TSI,
i i

where x; 1s either the weight, volume, or mole fraction of the ith constituent
having TSIi. This procedure ha; some basis in experimental work performed on
sooting thresholds in the past. Minchin (Reference 24) examined a series of
kerosenes having varying amounts of aromatics or naphthalenes and found that
plots of the reciprocal smoke points of these kerosenes against the aromatic
or naphthenic volume fraction produced straight lines. Thus,fuel TSI's
calculated for these kerosenes could be used to predict their smoke points.
The generality of the procedure and whether weight or mole fractions would
produce better smoke point predictions need to be examined further. How well
fuel TSI's calculated in this manner work in correlating sooting in engine

combustors is examined below.
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SECTION 1V

RELATIONSHIP BETWEEN LABORATORY STUDIES OF SOOT AND LARGER
SCALE TESTS

As detailed in Appendix A, it is possible to calibrate a wide variety of
. laboratory-scale diffusion or premixed {lame burners so that if soot thresh-
olds for a particular compound are obtained on a particular apparatus, the
' threshold for that compound on other apparatus is predictable. In other words,
it is possible to calibrate out the fluid mechanical and geometric factors
which affect the smoke point or onset equivalence ratio measurement and obtain
a TSI for a compound which is dependent only on its chemical structure. Having
obtained a useful definition for the TSI of a particular compound, it is natu-
ral to see if this can be used to form an index for fuels which correlates with
smoke emissions observed in large scale tests.
Effective TSI values were computed for the fuels tested in References 1,
6, 7, 8, 10, and 19 for correlation with smoke number and flame radiation
results. To do this one must first select whether premixed or diffusion tlame
TS1's are most applicable. Diffusion flame TSI's were selected since the spray
fueled combustors all burn with many fuel-rich regions which must be diffusion-
controlled. (Also, data on premixed flames arc less complete and hence can be
used with less certainty., This point should be cxamined in the future when a
more complete data base is available, however.) Next TSI values must be as-
signed for base fuels and some of the hydrocarbon mixtures used in these
studies. For example, in Reference 19, where pure components were used to
adjust fuel properties, we must also consider Jet A and DFM. This procedure
was accomplished using Reference 10 data which gives smoke points of several
pure components along with JP-5, JP-4, and kerosene. For a first approximation,
the variation in average molecular weights among the jet fuels was ignored and
a linear least-squares fit of TSI's was performed for n-heptane, decalin, and
tetralin to the Reference 10 smoke points. (This essentially calibrates the
smoke point apparatus used.) Then using this fit, TSI's were estimated for jet
fuelé from smoke points. For most of the engine tests, fuel compositions were
not known; only simplified analytical results on the concentration of single-
ringed, double-ringed aromatic species, ctc. were known. Average TSI values were

assigned to these component classifications by referring to Table 3 in Appendix A.
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This procedure 1s not at all unique and time restraints prevented more detailed,
and possibly much better, TSI assignments.

1t should be unoted that, in cases of pure compounds, soot production which
correlates well with (SP)™' will automatically correlate well with TSI since
the two variables are so closely related. However, fuels are a blend of many
compounds and, as noted in Section 111, an assumption is being made that the
TS1's of fuel blends can be calculated by simply calculating the weighted sums
of the TSI's of the compounds or groups of compounds making up the fuel.
(For these calculatioas, weight fractious were used as weighting Yactors in the
summations.)

Results of correlating computed average TSI's against experimental results
are given in Table 8 along with summary results f{rom the other correlations.

Some average performance numbers are also given in Table 9. Overall the TST

-1

correlation does as well as HZ but not quite as well as (8P) It correlates
flame radiation data better than smoke number values (as do H% and (SPY™')., 1In
fairness to TSI efforts we note that only from References 1 and 19 was detajiled
fuel composition information of the type needed to calculate accurate TSI's
available. 1In the former case, TSI does as well as the other two fuel variables;
in the latter case, the TSI correlation does appreciably better than (SP)™' and
much better than H%. 1In the other cases estimates were made of average TSI's
for broad classes of compounds. This may be at least partly responsible for the

lack of strong correlation between fuel TSI and sooting in these cases.

22




TABLE 8. COMPARISON OF NYDROCEN CONTENT, RFCIPROCAL SMOKE POINT, AND
THRESHOLD SOOT INDEX CORRELATION WITH ENGINE SOOTING i
Reference/ Soot-Related Correlation
Combustor Variable Operating Condition HZ% (SP)™* TSI
14357 Flame radiation High power ~ 0.98 0.98 0.98 1
b, |
1/357 Flame radiation Low power ~ .98  0.99 0.99
b 10/T63 Flame radiation Full power - 0.91  0.94 0.88
)
! .
i 10/T63 Flame radiation 25% of full power - 0.89 0.90 0.87
]
; 19/2-1inch Radiation index Averaged over range - 0.81 0.95 0.98
: combustor
6/379 Smoke number Sea-level takeoff - 0.65 0.72 0.63
6/379 Smoke number Idle - 0.95 0.92 0.94
7/F101 Smoke number Sea-level takeoff - 0.71 0.70 0.57
7/F101 Smoke number Idle - 0.84 0.77 0.83
8/TF4l Smoke number Sea-level takeoff - 0.73 0.73 0.72
8/TF4l Smoke number Idle " -0.88 0.86 0.86

TABLE 9. AVERAGE CORRELATIONS OF HYDROGEN CONTENT, RECTPROCAL SMOKE POINT,
AND THRESHOLD SOOT INDEX FOR SELECTED REFERENCES

Average Correlations
Category Hz (sp)~! TSI
High power measurements, -0.79 0.83 0.79
References 1, 10, 19, 6, 7, 8.
’ From Tables 2 and 8. ‘
K
Low power measurements, -0.91 0.89 0.90 ;
’ References 1, 10, 19, 6, 7, 8.

From Tables 3 and 8.

Flame radiation, -0.91 0.95 0.94
References 1, 10, 19.
From Tables 2, 3, and 8.

Smoke number, -0.78 0.78 0.76
References 6, 7, and 8.
From Tables 2, 3, and 8.

Overall -0.84 0.86 0.84




SECTION V

CONCLUSIONS AND RECOMMENDATIONS

A number of data sets obtained on a variety of aircraft gas turbine and

- laboratory scale combustors have been examined to determine which, if any, chemi-

cal properties of jet fuels are reliable predictors of soot formation. For

some data sets, certain fuel properties, notably hydrogen content and the recip-
rocal of the fuel smoke point, correlate very well (»0.9) with the amount of
soot or flame radiation observed. In other cases correlations are poor (< 0.8).
Unfortunately, these latter cases involve tests of widely used and/or quite
modern combustor systems [J79 (Reference 6), F101 (Reference 7), TF4l (Reference
8) combustors]. The problem appears serious since, even for combustors such as
the F101 which are very "clean", sizable (= 50%) decreases in combustor liner
lifetime are predicted for the sootier fuels.

A fuel property defined in this report, the threshold soot index or TSI,
is based on the smoke points of fuel components. The TSI of a fuel is defined
as the sum of the TSI's for the compounds makinp up.the fuel times the weight
fraction of that compound in the fuel. Tor some of the data sets, particularly
those where a great deal is known about the specific compounds making up the
fuel, the TSI correlation appears to do as well or better than HY of (SP)7°.
Where both H% and (SP)~? do poorly as predictors:, TSI also fails.*

It has been widely noted that the chemical composition, not the physical
properties of a fuel, appears to dominate the formation of soot in these combus-
tors (see especially References 5, 10, and 12). However, the results to date
do not allow one to pick between fuel properties such as hydrogen content, or
reciprocal smoke point as a superior predictor of sooting behavior since typical
series of fuels tested were not selected to produce independent variaifon of
these properties. In only two data sets was the correlation between the hydro-

gen content and (SP)™' below 0.95 (see Table 2). For these two data sets where

* This 1is to be expected since, by its definition, the TSI is very closely
related to the reciprocal smoke point, It differs from the reciprocal smoke
point mainly in that, like the hydrogen content, it is a property which can
be predicted for a fuel (assuming the fuel composition is known) wherecas the
smoke point must be measured.
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the two varfables were poorly correlated, (SP) 77 was @ better predictor of scot-
ing (mor. precisely, flame radiation). For once of these sets (Reference 19)

the fuels were purposely blended to make HZ 2 poor correlator,  However, the
value of a correlation is to a larpge extent based on its ability to work in
exceptional cases. Based on this, (SP)”' currently appears superior.

TSI has the potential to be a better predictor than H? and is more readily
useful than (SP)”', but more precise fuel composition measurement is needed to
test this. In References 1 and 19, where pure compounds were used as additives,
TS1 does better than HX. Its failure to do as well in other tests may well be
due to our inability to calculate it correctly since the fuel composition infor-
m2tion available is known only with regard to broad classes of compounds which
can have widely varying TSI's within themselves. TSI would be expected to be '
more valuable than (SP)~' because the TSI is a calculable property like HZ and
can thus be used to decign fuels without resorting (o laboratory measurements
of each possible blend. A useful set of ¢xperiments needed to make certain
that this last statement is true would be to complement the data of Reference
19 (in which hydrogen content was fixed for a'l but the hasce fucl) by testing
blends which have differing hydreger contents but the same 1SI's in small scale
combustors like the Phillips Combustor and then in larger ensine conbustors,

The results of References 1, 10, and 19 show that the correlation between
soot related effects and fuel composition can be very hipgh., Thus, it is
particularly troublesome tihat the recent series of tests described in References
6, 7, and 8 yielded such poor correlations between fuel composition and soot
related effects. These latter experiments should be repeated using fucls with
very well defined compositions to see if better predictability can be achieved.
Experiments using blends of compounds with an aromatic-free base fuel, as in
Reference 1, would be very helpful.

In this report the TSI of a fuel has been defined to be the weighted average
of the component TSI's. This definition makes sense if the reciprocal smoke
point of a fuel can also be calculated usin; the TS!'s of the fuel components.
Reference 24 indicates that this may be the case,but this additivity should be
fully tested in the laboratory.

In the same vein, it may well be that computing TSI's of fuel blends
using compound mole fractions rather than weight or volume fractions would pro-

duce more accurate predictions of blend smoke points and better correlaticns o

TS1 with engine soot data. This has not becn tested but should be.
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The smoke point and TSI of a fuel are based on laboratory measurements
of the threshold at which sooting bepins to occur. It may well be that a ﬂ
more complete knowledge of not just threshold behavior but soot yield above )
threshold for pure compounds and blends would lead to a more useful index ‘
for predicting soot yieids in engines. Very little laboratory scale soot ;

yield data exists, a situation which should be corrected.

If it should be found that, in fact, the TST rather than the bydrogen
content of a fuel is the important puiameter, the practical significance is 3
great. To know that fuel blends with oletinic and c¢yclic hydrocarbons pro-

duce less soot and flame radiation than blends of alkanes and aromatics, which

sxde.

have the same hydrogen content, would have obvious important implications for

the refiner of jet fuels.
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